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29 Over the last two decades, an abundance of research has explored the impact of fatiguing 
30 locomotor exercise on the neuromuscular system. Neurostimulation techniques have been 
31 implemented prior to and following locomotor exercise tasks of a wide variety of intensities, 
32 durations, and modes. These techniques have allowed for the assessment of alterations 
33 occurring within the central nervous system and the muscle, while techniques such as 
34 transcranial magnetic stimulation and spinal electrical stimulation have permitted further 
35 segmentalisation of locomotor exercise-induced changes along the motor pathway. To this end, 
36 the present review provides a comprehensive synopsis of the literature pertaining to 
37 neuromuscular responses to locomotor exercise. Sections of the review were divided to discuss 
38 neuromuscular responses to maximal, severe, heavy and moderate intensity, high-intensity 
39 intermittent exercise, and differences in neuromuscular responses between exercise modalities. 
40 During maximal and severe intensity exercise, alterations in neuromuscular function reside 
41 primarily within the muscle. Although post-exercise reductions in voluntary activation 
42 following maximal and severe intensity exercise are generally modest, several studies have 
43 observed alterations occurring at the cortical and/or spinal level. During prolonged heavy and 
44 moderate intensity exercise, impairments in contractile function are attenuated with respect to 
45 severe intensity exercise, but are still widely observed. While reductions in voluntary activation 
46 are greater during heavy and moderate intensity exercise, the specific alterations occurring 
47 within the central nervous system remain unclear. Further work utilising stimulation techniques 
48 during exercise and integrating new and emerging techniques such as high-density 
49 electromyography is warranted to provide further insight into neuromuscular responses to 
50 locomotor exercise. 
51 Key words: Cycling, fatigue, neurostimulation, neuromuscular physiology, running
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54 The study of exercise-induced fatigue has captivated academics within the field of sport and 
55 exercise for centuries, with research into the topic dating back as far as the 18th century through 
56 the pioneering work of Alessandro Mosso, documented in his book La fatica. Today, fatigue 
57 remains the subject of considerable research attention, with over 3000 scientific publications 
58 on this topic in the last 20 years. Despite this interest, a strict definition of fatigue remains 
59 elusive, likely due to the numerous divisions within sport and exercise science providing 
60 definitions which best suit their individual discipline. Recent efforts have been made to provide 
61 a universal definition of fatigue, applicable to both athletic and clinical populations, which 
62 encompasses the interdependent physical and cognitive processes that occur with numerous 
63 chronic health conditions, and during and following strenuous exercise 1. To this end, Enoka 
64 and Duchateau 1 define fatigue as a debilitating symptom of tiredness and weakness, dictated 
65 by interactions between performance fatigability, which involves an acute exercise-induced 
66 reduction in force or power output of the involved muscles, and perceived fatigability, 
67 involving changes in sensations that accompany fatigue. The definition of fatigue as a sensation 
68 of tiredness and weakness, underpinned and/or modulated by a myriad of physiological and 
69 psychological processes, is used for the purposes of this review. 
70 In sport and exercise science, considerable research has focused on the effect of fatiguing 
71 exercise on objective measures of performance, such as alterations in the force and/or power 
72 generating capacity of muscle (i.e. the ‘performance fatigability’ aspects) 2-4. Such endeavours 
73 are logical given that the ability of the muscle to exert force is imperative to successful sporting 
74 performance. During high-intensity or prolonged exercise, the force generating capacity of the 
75 muscle is reduced 5. This reduction in muscle force during exercise, and the neurophysiological 
76 changes which accompany it, are integral contributors to fatigue and impaired exercise 
77 performance, and also possibly increase injury risk 6,7. Consequently, understanding exercise-































































78 induced impairments in muscle force generating capacity, and the mechanisms which elicit 
79 these impairments, is a pertinent area of research. 
80 Voluntary force is produced through a complex chain of events which occur throughout the 
81 neuromuscular pathway, from brain to muscle. As every step along this pathway is susceptible 
82 to change during fatiguing exercise, determining the alterations within the neuromuscular 
83 pathway that occur during exercise can facilitate understanding of the causes of reduced muscle 
84 force, and in turn exercise performance 1. Using peripheral nerve stimulation, it is possible to 
85 differentiate between the contribution of alterations within the muscle and central nervous 
86 system (CNS) to impaired neuromuscular function and force generating capacity during 
87 exercise. Peripheral contributors to reductions in muscle force involve disturbances at sites at 
88 or distal to the neuromuscular junction and can be assessed by measuring involuntary evoked 
89 responses to electrical stimulation on relaxed muscle. This technique offers a method to assess 
90 the manifestation of biochemical and histological changes occurring within muscle fibers 
91 through changes in the resting twitch force. Other methods, such as muscle biopsies and 
92 Ultrasound, can be used to provide further insight into biochemical and histological alterations 
93 occurring during locomotor exercise 8,24. Central contributors to fatigue involve processes 
94 occurring proximal to the neuromuscular junction, resulting in an impairment in the capacity 
95 of the CNS to voluntarily activate the muscle, and can be examined through evoked responses 
96 to electrical or magnetic stimulation during submaximal and maximal voluntary contractions 
97 (MVCs) 5. Moreover, exercise-induced alterations in the corticospinal tract, which represents 
98 the primary motor pathway for control of human movement, can be further segmented through 
99 the use of transcranial magnetic stimulation (TMS), with concurrent spinal stimulation 
100 enabling the differentiation between cortical and spinal components of the motor pathway 8,9. 
101 Other techniques, such as the assessment of stretch-reflex responses following physical 
102 perturbations, can also be used to monitor natural reflex responses 10, though the application of 































































103 these methods in response to fatiguing locomotor exercise is limited. While many of these 
104 techniques permit the assessment of neuromuscular function at a segmented level, it should be 
105 noted that the peripheral and central contributors to impairments in neuromuscular function are 
106 not mutually exclusive. For example, changes occurring within the muscle influence the 
107 activation signal discharged by motor neurons during voluntary contractions, while sensory 
108 feedback is transmitted from the muscle travels to various sites within the CNS, and can 
109 influence the behaviour of cortical and spinal neurons 1,11,12. 
110 A common approach when studying neuromuscular responses to fatiguing exercise is to deliver 
111 electrical and magnetic stimuli during fatiguing single-limb, isometric exercise protocols.  
112 While this approach is convenient because participants are not required to manoeuvre to the 
113 designated apparatus for the fatiguing task (i.e. the equipment used to measure isometric force), 
114 the ‘real-world’ applicability of the findings from these studies is questionable due to a lack of 
115 ecological validity. That is, the type of exercise being performed differs substantially from that 
116 performed in a sport and exercise environment, where dynamic, locomotor exercise is 
117 performed with multiple limbs, and the systemic and local responses are considerably different 
118 to that of isometric exercise. Given the well-established importance of task dependency in 
119 determining the aetiology of exercise-induced fatigue 13, extrapolations from findings using 
120 isometric exercise models in the context of locomotor activity should be made with caution 14, 
121 and there is a requirement to assess neuromuscular function in response to locomotor exercise 
122 itself. As such, a plethora of research over the last two decades have documented 
123 neuromuscular responses to locomotor exercise of varying intensities, durations and modes, 
124 both during and in the recovery period following exercise 15-17. While a number of reviews 
125 exist in the literature on corticospinal excitability during locomotor exercise 8,18, neuromuscular 
126 function responses to repeated sprints 19 and extreme endurance exercise 20,   a comprehensive 
127 review of the literature describing neuromuscular responses to locomotor exercise is lacking. 































































128 An understanding of how locomotor exercise impacts the neuromuscular system has 
129 implications for those working with both athletic and clinical populations. Accordingly, the 
130 aim of this review is to summarise literature examining neuromuscular responses during and 
131 following fatiguing locomotor exercise, with a focus on the role of locomotor exercise 
132 intensity, duration, and mode on the modulation of neuromuscular function. 
133
134 The role of exercise intensity and duration on neuromuscular responses to fatiguing 
135 exercise
136 Research has demonstrated that the intensity and duration of locomotor exercise has a profound 
137 influence on the aetiology of impairments in neuromuscular function 21-23. Exercise intensity 
138 during locomotor exercise can be categorised into distinct domains demarcated by 
139 physiological thresholds.  Specifically, four intensity domains have so far been established; 
140 moderate (power output below lactate threshold), heavy (power output between lactate 
141 threshold and critical intensity, defined as the asymptote of the relationship between intensity 
142 and time, and the maximum sustainable exercise intensity), severe (power output above critical 
143 intensity that can be sustained until VO2max is reached) and extreme (supra-severe intensity in 
144 which exercise intensity is so great that VO2max cannot be reached before exhaustion) 24. Each 
145 intensity domain is characterised by differences in VO2 kinetics, muscle metabolic, and blood 
146 acid-base responses 25. In turn, the exercise intensity domain and the distinct physiological 
147 responses within these domains are proposed to influence the mechanisms responsible for 
148 impairments in neuromuscular function. In addition, many sporting activities are characterised 
149 by intermittent bouts of maximal or severe intensity exercise interspersed with periods of 
150 recovery or moderate and heavy intensity exercise, such as in team sports. Thus, this form of 
151 activity imposes a unique challenge to all physiological systems, including the neuromuscular 































































152 system, in that it is of prolonged duration, spans the four exercise intensity domains, and is 
153 characterised by substantial mechanical demands. 
154
155 Neuromuscular responses to ‘all-out’ exercise
156 Muscle force generating capacity, voluntary activation and contractile function
157 Short-duration, maximum intensity exercise (30-60 s), in which there is maximum effort and a 
158 considerable decrease in performance, is referred to as ‘all-out’ exercise 26. This form of 
159 exercise is commonplace during sprint interval training, which is regularly implemented as a 
160 means of improving health 27 and sports performance 28, as well as the Wingate 30 s test, and 
161 athletic events such as 400 m track running. Moreover, repeated sprint exercise, characterised 
162 by short maximal efforts (3-7 s) separated by brief recovery periods (< 60 s), is a common and 
163 effective training modality 29, and is implicated in team sports such as basketball 30. Despite 
164 the relatively brief nature of this mode of exercise, there is a substantial and progressive 
165 decrease in the force generating capacity of the muscle. Following a 30 s all out cycle sprint, 
166 Kruger et al. 31 found a 19% reduction in knee extensor maximum voluntary contraction 
167 (MVC). Similar results have been observed following running or cycling repeated sprint 
168 protocols, with reductions in MVC when measured within 30 s post-exercise ranging from 15-
169 24% (Table 1). It is well-established that the decrease in performance during all-out exercise 
170 is due primarily to alterations occurring within the muscle. Indeed, following 30 s all-out 
171 cycling, Kruger et al. 31 and Fernandez-del Olmo et al. 32 reported a 50% and 41% reduction 
172 in peak twitch force (Ptw), respectively, indicating the presence of considerable impairments 
173 within the contractile machinery 32. The reduction in the ability of the muscle to produce force 
174 in response to neural input during all-out exercise is likely due to the reliance on anaerobic 
175 metabolism, the by-products of which are deleterious to contractile function. Specific 
176 mechanisms proposed to contribute to impaired contractile function include the accumulation 































































177 of inorganic phosphate (Pi) derived from the creatine kinase reaction, which has multiple roles 
178 in impaired contractile function33, such as interference with Ca2+ release and sensitivity, 
179 reductions in specific force per cross-bridge and the rate of cross-bridge formation 34,35. 
180 Accumulation of H+ ions occurring due to anaerobic glycolysis, and subsequent interference 
181 with the excitation-contraction coupling process is also a commonly cited mechanism26,36.  
182 Discrepancies exist in the literature regarding the effect of maximal intensity exercise on 
183 voluntary activation (VA). For example, following two 30 s all-out cycling tasks separated by 
184 30 min, Fernandez-del-Olma et al. 32 found a 34% reduction in VA, whereas Kruger et al. 31 
185 found no reduction in VA following a similar exercise task. Following repeated sprint exercise, 
186 some studies have reported no change in VA 37,38, while many others reported significant 
187 decreases ranging between 3 and 11% 39-45 (Table 1). While these discrepancies could be 
188 related to differences in the exercise protocols (e.g. number or duration of sprint, exercise 
189 mode, between-sprint recovery duration), time to post-exercise neuromuscular assessment, 
190 and/or characteristics of the participants studied (sex, age, physical condition), the body of 
191 evidence would suggest short-duration, all-out exercise could inhibit the capacity of the CNS 
192 to activate muscle (Table 1). 
193 In regards to the kinetics of change in neuromuscular function during repeated sprints, 
194 impairments in MVC, VA and Ptw have been shown to occur following just two sprints of a 
195 repeated sprint protocol 43. Both Goodall et al. 43 and Hureau et al. 39 showed that most of the 
196 reduction in Ptw occurred during the first half of a repeat-sprint protocol, and reached a nadir 
197 around the mid stage. In contrast, impairments in VA were shown to be more pronounced 
198 during the later stages of the protocol 39. These kinetics could be explained by the early 
199 utilisation of higher threshold fatigable motor units during the initial sprints causing the rapid 
200 reduction in Ptw, while the reduction in VA during the later stages could be due to a number of 
201 mechanisms (discussed below). In addition, root mean square EMG (EMGRMS) normalised to 































































202 the maximal muscle compound action potential (Mmax) is progressively reduced throughout 
203 repeated sprints, suggesting reduced alpha(α)-motoneuron output 39,46. Accordingly, impaired 
204 contractile function plays a particularly prominent role in reduced muscle force during the early 
205 stages of repeated sprints, while reductions in VA become more apparent during the later 
206 stages. 

































































able 1. Literature quantifying neurom
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211 Central nervous system alterations during ‘all-out’ exercise
212 While the peripheral changes which contribute to impaired neuromuscular function during all-
213 out exercise are well-established, the mechanisms which contribute to reductions in VA are 
214 less clear. A number of functional changes can occur within the CNS and contribute to 
215 impairments in VA and muscle force, including impairments in motor cortical output 49, 
216 changes in the intrinsic properties of α-motoneurons 50, altered reflex responses at the spinal 
217 cord 51, increases in group III/IV afferent firing ascending to supraspinal and spinal centres 46, 
218 and alterations in descending neuromodulatory systems 52. While the invasive nature associated 
219 with directly assessing the activity of some these systems preclude their measurement in 
220 humans, indirect measures can provide insights into adjustments in the neuromuscular pathway 
221 that occur during maximal intensity exercise. Figure 1 depicts the neuromuscular pathway and 
222 the potential alterations within this pathway that contribute to or occur with reduced 
223 performance during maximal intensity exercise based on current evidence primarily derived 
224 from maximal cycling exercise. 
225 Regarding cortical output, this is commonly estimated via the delivery of TMS over the motor 
226 cortex to estimate VA (VATMS). This technique involves delivering single-pulse TMS during a 
227 MVC, with an increase in the evoked superimposed force relative to an estimated resting twitch 
228 thought to be indicative of a decrease in cortical output. It should be noted that while VATMS is 
229 the most common method of estimating changes in maximal cortical output, it is associated 
230 with various limitations, such as activation of antagonist muscles, submaximal activation of 
231 the motoneuron pool, and accuracy of the estimated resting twitch 53, and spinal influences on 
232 VATMS cannot be ruled out.  Studies using this technique in response to maximal intensity 
233 exercise have provided mixed evidence, with some reporting a decrease 32,43 in VATMS while 
234 others report no change 38,54. Thus, while there is some evidence that output from the motor 
235 cortex could be impaired during all-out exercise, the limitations in VATMS as well as the 































































236 conflicting findings in the literature preclude a definitive conclusion on the matter. The 
237 mechanism(s) which could reduce motor cortical output are unclear, but could relate to 
238 alterations in the properties of cortical neurons, or synaptic inputs acting at or upstream of the 
239 motor cortex  45,49,55. While evidence regarding the activity of these neurons in response to 
240 maximal intensity exercise is scarce, Pearcey et al. 45 demonstrated a reduction in the motor 
241 evoked potential to cervicomedullary evoked potential (MEP/CMEP) ratio measured post-
242 exercise and between bouts of repeated arm sprint cycling, indicative of a decrease in the 
243 excitability of motor cortical neurons. Although the relationship between MEP and voluntary 
244 activation is not entirely clear, a decrease in the excitability of motor cortical neurons 
245 responsible for producing descending drive would require a compensatory increase in neural 
246 drive into the cortex, and if such an increase is not possible (e.g. due to the maximal nature of 
247 all-out exercise), recruitment of α-motoneurons would be diminished and VA reduced. More 
248 studies utilising VATMS and cortical combined with spinal stimulation are required to elucidate 
249 the effects of all-out exercise on motor cortical output and excitability. 
250 Alterations in α-motoneuron excitability can be assessed by measure the CMEP in response to 
251 all-out exercise. This measure is advantageous given that cortical projections to α-motoneurons 
252 lack conventional presynaptic inhibition, which can influence responses such as the H-reflex 
253 independently of altered motoneuron excitability 56. Motoneuron excitability is influenced by 
254 the level of descending synaptic input, sensory input, monoaminergic input, and alterations in 
255 the intrinsic properties of α-motoneurons, all of which could be altered during fatiguing 
256 exercise 5. Only one study has assessed the CMEP in response to all-out exercise, with Pearcey 
257 et al. 45 demonstrating a 29% increase in CMEP amplitude when measuring responses during 
258 an isometric contraction following repeated arm-cycle sprinting. This increase in α-
259 motoneuron excitability could be considered surprising given that studies have observed a 
260 decrease in spinal excitability during fatiguing isometric tasks (e.g. 50,57), highlighting the 































































261 importance of task-dependency and contraction mode on the neuromuscular adjustments to 
262 fatiguing exercise. The authors posited that the increased excitability could be due to a decrease 
263 in voltage threshold for action potential, activation of persistent inward currents and the 
264 monoaminergic system during exercise, and/or the facilitatory effects of firing of group III/IV 
265 afferents on the biceps brachii 58,45. It should be noted that when measured during ongoing 
266 voluntary contractions, CMEPs can be influenced by alterations in descending drive from the 
267 motor cortex, and thereby confound estimations of α-motoneuron excitability. Thus, further 
268 studies measuring CMEPs (or other methods of estimating α-motoneuron excitability such as 
269 measuring thoracic or lumbar evoked potentials) in the absence of ongoing descending drive 
270 (e.g. during the TMS evoked silent period 59,60), and during more traditional forms of maximal 
271 intensity exercise (e.g. cycle sprints), are warranted to further understanding on the effect of 
272 maximal intensity locomotor exercise on α-motoneuron excitability.
273 Changes in motor cortical output and α-motoneuron excitability can occur in addition to, and/or 
274 secondary to alterations in input from sensory neurons. For example, projections from sensory 
275 neurons innervating skeletal muscle, including muscle spindles (group Ia/II), Golgi tendon 
276 organs (group Ib) and group III/IV afferents, can modulate the corticospinal pathway during 
277 exercise. The role of Golgi tendon organs during locomotor exercise is unknown, but are 
278 suggested to play a limited role in exercise-induced impairments in neuromuscular function 
279 5,61. During locomotor activity, group Ia afferents provide facilitatory feedback to α-
280 motoneurons, and exercise-induced disfacilitation of these afferents has been suggested as a 
281 potential mechanism of impaired α-motoneuron firing rate and thereby VA 5,62. The excitability 
282 of the spinal loop between muscle spindle afferents projecting to α-motoneurons can be 
283 assessed through the H-reflex, involving exogenous stimulation of the motor nerve to activate 
284 Ia afferents. The H-reflex can be influenced by numerous pre- and post-synaptic mechanisms, 
285 with exercise-induced reductions in H-reflex largely attributed to reduced Ia afferent discharge, 































































286 increased presynaptic inhibition onto Ia afferents, and decreased α-motoneuron excitability. 
287 Only one study has used this technique in response to maximal intensity repeated sprint cycling, 
288 consisting of 7 × 10 s sprints 51. The study assessed the effects of repeated sprints on pre-
289 synaptic inhibition of the spinal reflex pathway by utilising stimulation of cutaneous afferents 
290 of the foot, which is known to reduce presynaptic inhibition of Ia afferents 63. Concurrently, 
291 the study measured H-reflex amplitude with and without cutaneous stimulation to assess the 
292 effect of exercise-induced changes in pre-synaptic inhibition on spinal loop excitability. The 
293 results showed that delivering cutaneous stimulation attenuated the sprint induced reduction in 
294 H-reflex, possibly through reduced presynaptic inhibition of Ia afferents, whilst also 
295 attenuating the decline in power output throughout the sprints. These results suggest that 
296 disfacilitation from group Ia afferents, possibly owing to increased presynaptic inhibition, 
297 could be implicated in impaired α-motoneuron output during maximal intensity exercise. 
298 Furthermore, the firing rate of group III and IV muscle afferents, which are mechano- and 
299 metabosensitive sensitive sensory receptors that project inhibitory and/or facilitatory feedback 
300 to cortical and spinal regions of the motor pathway, likely increases substantially during all-
301 out exercise 64. However, the role of these afferents on neuromuscular function during maximal 
302 intensity exercise is not entirely clear. Torres-Peralta et al. 65 had participants perform 
303 isokinetic sprints before an incremental exercise test to exhaustion. After the incremental test, 
304 the quadriceps were occluded for 10 or 60 s, and a second isokinetic sprint was performed 
305 immediately after the occlusion periods. Despite the presumably augmented build-up of 
306 metabolites and increased group III/IV afferent feedback elicited by 60 s of occlusion, peak 
307 power recovered and was higher than that after 10 s of occlusion. Thus, the authors suggested 
308 that the role if group III/IV afferent feedback on maximal sprint performance is negligible, and 
309 can be overcome by a strong central command. Hureau et al. 46 had participants perform 10  
310 10 s cycle sprints, which were preceded by neuromuscular electrical stimulation (NMES) to 































































311 elicit metabolic disturbances in the quadriceps. Power output during the sprints, EMG activity, 
312 and post-exercise changes in Ptw where compared between the NMES and a control condition 
313 without NMES. It was shown that both power output and EMG activity were reduced in the 
314 NMES condition relative to control, while the post-exercise reduction in Ptw was consistent 
315 between conditions. Thus, the authors suggested that the metabolic disturbances caused 
316 increased group III/IV feedback, thereby reducing neural drive estimated through EMG in 
317 order to prevent peripheral homeostasis from deviating beyond tolerable limits. Thus, different 
318 interpretations exist on the role of group III/IV afferent feedback during maximal intensity 
319 exercise, precluding firm conclusions on the matter 16. 
320
321 Neuromuscular responses to severe intensity, short-duration exercise
322 Muscle force generating capacity, voluntary activation and contractile function
323 Many sporting activities are characterised by short-duration, high-intensity locomotor exercise, 
324 such as middle-distance running (i.e. 800-5000 m) or track cycling events lasting ~2-20 min. 
325 The exercise intensity associated with these events falls within the ‘severe’ domain, i.e. above 
326 the maximum sustainable exercise intensity, or ‘critical intensity’. Due to the rapid energy 
327 requirements associated with severe intensity exercise and the consequent generation of ATP 
328 from anaerobic pathways, exercise within this domain is associated with a progressive loss of 
329 muscle homeostasis, such as a reduction in pH and glycogen and an increase in Pi 23. These 
330 disturbances occurring at the peripheral level impair the capacity of the muscle to produce force 
331 in response to neural stimulation. Evidence suggests that disturbances within the muscle are 
332 the primary contributor to impairments in muscle force during severe-intensity exercise 21,22,66. 
333 Reductions in Ptw range from 16-55% when measured post-exercise (Table 2). This large 
334 variability in the magnitude of Ptw decrease could be due to a number of factors. Namely, the 
335 time to post-exercise neuromuscular assessment ranges from < 10 s to 4 min, with longer 































































336 durations often being required to manoeuvre participants to the neuromuscular testing 
337 apparatus. Kruger et al. 31 recently showed that Ptw recovered from −44% immediately post-
338 exercise to −34% following 2 minutes of recovery after severe intensity exercise, likely due to 
339 the rapid recovery of metabolic factors thought to interfere with the excitation-contraction 
340 coupling 36. Given that many studies take > 2 min to assess neuromuscular function, there is 
341 likely considerable underestimation of the effects of severe intensity exercise on Ptw, and Figure 
342 2 highlights that studies with a shorter time to post-exercise neuromuscular assessment 
343 demonstrate higher reductions in Ptw. 
344
345 Two other factors could contribute to the discrepancy in the level of reduced Ptw observed 
346 throughout the literature. Firstly, it is thought that the mechanisms contributing to the limit of 
347 tolerance, or the degree of fatigue which can be tolerated, could differ between individuals. 
348 Hodgson et al. 67 dichotomised a group of apparently homogenous individuals based on those 
349 who reached the limit of tolerance during ramp-incremental cycling with a knee-extension 
350 power reserve which exceeded the power produced at the limit of tolerance, and those without 
351 a power reserve. Those without a power reserve demonstrated exacerbated reductions in Ptw 
352 relative to those with a power reserve. Thus, it was suggested that task failure in individuals 
353 without a power reserve could be due to inhibitions in contractile function rendering them 
354 unable to achieve the required power output. In individuals with a power reserve, factors other 
355 than impaired contractile function might contribute to the limit of tolerance, or the willingness 
356 to tolerate a stronger symptom of fatigue might be lower than those without a power reserve. 
357 If disparate inter-individual mechanisms contributing to the limit of tolerance do exist, this 
358 could conceivably contribute to the variable reductions in Ptw between studies (Table 2) if some 































































359 individuals reach critical impairments in contractile function while others reach the limit of 
360 tolerance before these occur.
361 Secondly, the variable reductions in Ptw could be due to the considerable variance in the 
362 exercise intensity above critical power/speed between studies, with Table 2 displaying that task 
363 failure/completion occurred between 3 and 24 min. Conflicting evidence exists on whether the 
364 level of intensity above critical intensity influences the magnitude of reduction in Ptw at task 
365 failure. For example, Thomas et al. 21 demonstrated a greater reduction in Ptw at task failure 
366 when exercise was performed at a higher intensity (task failure at ~3 min) compared with a 
367 lower intensity (task failure at ~11 min) within the severe domain (33% vs 16% reduction in 
368 Ptw, respectively). In contrast, Schafer et al. 68 found no difference in end exercise reduction in 
369 Ptw when the power output was set to deplete the W’ within either 3 or 12 min (35% vs 31% 
370 reduction in Ptw, respectively), though it should be noted in this study participants didn’t 
371 necessarily exercise to volitional exhaustion. Furthermore, Black et al. 23 measured changes in 
372 a range of metabolic variables including PCr, lactate, K+, ATP, pH and glycogen (variables 
373 which are linked with the reduction in Ptw 36), and found no difference in the change in any 
374 variable when exercise was performed at three different intensities within the severe domain 
375 (65, 75 and 85% of work-rate difference between gas exchange threshold and VO2max, in which 
376 task failure occurred from 2.2 to 13.9 min), although peak twitch was not measured in the 
377 study. It has been proposed that a consistent magnitude of end-exercise alterations in metabolic 
378 variables (and thus Ptw) could exist due to a task specific ‘individual critical threshold’ of 
379 peripheral alterations in response to severe intensity locomotor exercise, beyond which the 
380 degree of associated sensory perceptions would not be tolerable 69. Proponents of this theory 
381 suggested that the individual critical limit of altered metabolic homeostasis is mediated by 
382 group III/IV muscle afferents, which could reduce drive from the motor cortex through 
383 inhibitory feedback in response to metabolic stimuli. 70-72. Whether or not alterations within 































































384 the muscle are regulated to an unvarying “critical threshold” during locomotor exercise is 
385 debated 73-75, and numerous theories exist on exercise tolerance and the degree to which 
386 metabosensitive afferent feedback plays a role 76-78. Nevertheless, when considering the 
387 alterations within the neuromuscular system which occur during severe intensity exercise, it is 
388 clear that these primarily reside in the muscle.
389 Impairments in VA are evident in response to severe intensity exercise, with reductions in post-
390 exercise voluntary activation range from 3-14% (Table 2). One study assessed the kinetics of 
391 change in neuromuscular function throughout constant load severe intensity exercise. Decorte 
392 et al. 79 had participants perform intermittent bouts of 6 min cycling at ~80% peak power 
393 output, with 4 min recovery between cycling bouts during which neuromuscular function was 
394 assessed, and the task completed to exhaustion (occurring on average after 3 bouts of cycling). 
395 Their study demonstrated a curvilinear relationship between exercise duration and the decline 
396 in Ptw, such that most of the decline occurred in the first half of exercise. Concurrently, 
397 EMGRMS increased considerably during the first half of exercise, indicative of a higher 
398 descending drive required to sustain force due to impairments within the muscle, an 
399 interpretation further supported by the positive association between the change in rectus 
400 femoris EMGRMS and reduction in Qtw. This progressive impairment in contractile function and 
401 requirement to activate a greater volume of muscle to maintain a given power output is also 
402 thought to be the primary contributor to the VO2 slow component during severe intensity 
403 exercise 80. Towards the latter stages of exercise (80% and 100% of total cycling duration), 
404 there was a plateau in EMGRMS, concurrent with a significant decrease in voluntary activation. 
405 These results suggest that once either a certain level of impairment in contractile function or a 
406 level of increase in motor drive are reached, no additional increase in motor drive occurs. 
407 Whether this plateau in motor drive serves as a protective mechanism to prevent further, 
408 potentially harmful, alterations within the muscle, or if further increases in motor drive are 































































409 prevented by intrinsic changes along the motor pathway, is unclear 79. Nevertheless, the results 
410 indicate that, during constant-load severe intensity exercise, the impairment in VA widely 
411 observed throughout the literature (Table 2) occur primarily during the latter stages of severe 
412 intensity exercise, and could thus be implicated in task failure during constant load tasks 79.
413 It should be noted that the kinetics of altered neuromuscular function likely differ between self-
414 paced versus constant load exercise. For example, Azevedo et al. 81 recently characterised 
415 neuromuscular responses to a 4 km cycling time-trial, in which the pacing strategy was 
416 characterised by a fast-start, even paced, and end-spurt phase. Across three separate visits, 
417 neuromuscular function (MVC, VA and Ptw) was measured following these three phases. The 
418 results demonstrated that all three variables were reduced by 12%, 8% and 23%, respectively, 
419 following the fast-start phase, with no further reduction thereafter. The lack of further reduction 
420 in MVC, VA or Ptw could have been the result of the lower selected intensity during the middle 
421 phase, which likely fell below the critical intensity and thereby permitted repletion of work 
422 capacity and recovery of neuromuscular function 82,83. It should be noted, however, that the 
423 delay between exercise cessation and neuromuscular testing might have limited the ability to 
424 capture further decrements in neuromuscular function following the end-spurt 81.  
425
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432 Central nervous system alterations during severe intensity exercise
433 Central nervous system alterations during severe intensity exercise have been studied 
434 extensively., Figure 3 depicts alterations which occur throughout the neuromuscular pathway 
435 in response to severe intensity exercise based on current evidence. To assess specific alterations 
436 within the CNS occurring with severe intensity exercise, studies have implemented VATMS 21,22 
437 and the MEP/CMEP ratio 16,60,86 to assess motor cortical output and excitability, respectively, 
438 CMEP to assess α-motoneuron excitability 16,60,86, and afferent blockade through intrathecal 
439 fentanyl to assess the effects of group III/IV afferent feedback on neuromuscular function 
440 16,60,69,71,91. Using VATMS, a number of studies have demonstrated reductions in the region of 5-
441 8% 21,22,87,93,97. This could indicate a modest impairment in motor cortical output in response to 
442 severe intensity exercise. An impairment in motor cortical output is plausible given the plateau 
443 in EMGRMS throughout exercise in this domain as previously discussed 79, i.e. the motor cortex 
444 could be unable to ‘drive’ the α-motoneurons to cause further increases in EMGRMS, although 
445 it should be noted that VATMS provides only surrogate measures of cortical output. Impaired 
446 cortical output could be due, at least in part, to inhibition of motor cortical cells due to feedback 
447 from group III/IV afferents 16,98. During exhaustive cycling exercise at 80% peak power output, 
448 Sidhu et al. 16 demonstrated that the MEP/CMEP amplitude ratio was increased by 25% when 
449 group III/IV afferent feedback was reduced with fentanyl-blockade, but was unchanged in the 
450 presence of continued afferent feedback in control conditions, thus indicating the inhibitory 
451 influence on the motor cortex during severe intensity exercise. Concurrently, the study showed 
452 no reduction in VA with reduced afferent feedback, with a 14% reduction in control conditions. 
453 To further explore the mechanisms by which group III/IV afferent feedback inhibits cortical 
454 excitability, Sidhu et al. 60 assessed the effect of afferent blockade on GABAB inhibitory 
455 intracortical interneurons. Both GABAA and GABAB inhibitory interneurons play an integral 
456 role in generating and shaping voluntary output from the motor cortex. These intracortical 































































457 neurons have indirect projections onto corticospinal neurons, and can influence the excitability 
458 of the motor cortex through hyperpolarisation of corticospinal neurons elicited by inhibitory 
459 post-synaptic potentials (IPSPs) 99. By applying a paired-pulse TMS stimulus paradigm known 
460 as long-interval inhibition (LII) coupled with conditioned CMEPs during severe intensity 
461 cycling, Sidhu et al. 60 showed an increase in GABAB mediated inhibition which was abolished 
462 when group III/IV afferents were blocked. Thus, a potential mechanism by which severe 
463 intensity exercise inhibits the excitability of the motor cortex is through an increase in GABAB 
464 mediated inhibition as a result of group III/IV afferent feedback. Other severe-intensity 
465 exercise induced changes in intracortical inhibition, such as increases in GABAA mediated 
466 short-interval intracortical inhibition (SICI), have been demonstrated 93, though conflicting 
467 evidence exists 94. However, the study of Sidhu et al. 60 improved on previous study designs 
468 by  measuring during post-exercise cycling at an EMG level matched to pre-exercise, as 
469 opposed to post-exercise measures taken during isometric contractions. To improve 
470 understanding of the effects of severe intensity exercise at the motor cortical level, more 
471 research is required assessing motor cortical output and excitability, intracortical inhibitory and 
472 facilitatory activity, with measures taken during or immediately following exercise given that 
473 these measures can recover rapidly after exercise cessation 100.  The assessment of other 
474 possible mechanisms which could contribute to altered cortical output in response to severe 
475 intensity exercise, such as alterations in brain neurotransmitters, is also warranted 101. 
476 Using spinal stimulation at the cervicomedullary level, a number of recent studies have 
477 assessed the effects of severe intensity exercise at the α-motoneuron excitability 16,86. In these 
478 studies, which utilised constant-load exercise at 80% peak power until task failure, no change 
479 in α-motoneuron excitability was demonstrated between the beginning and end of exercise. 
480 While this implies no effect of severe intensity exercise at the α-motoneuron level, in non-
481 fatiguing circumstances, the same increase in EMG activity which occurs throughout severe 































































482 intensity exercise would cause an increase in spinal excitability 86. This was aptly shown by 
483 Weavil et al. 86, who found no change in MEP or CMEP during fatiguing cycling, but a ~40% 
484 increase in MEP and CMEP during a subsequent non-fatiguing trial when the EMG was set to 
485 increase by the same magnitude. Thus, while the net corticospinal excitability remains 
486 unchanged, these results indicated a disfacilitation of the corticospinal tract mediated at the 
487 spinal level. 
488 If  α-motoneurons are disfacilitation during severe intensity exercise, this does not appear to 
489 be related to increased group III/IV afferent feedback. In fact, Sidhu et al. 60 found that CMEP 
490 amplitude was increased during post-exercise cycling at a matched level of EMG relative to 
491 pre-exercise which did not occur when afferent feedback was reduced, suggesting that group 
492 III/IV afferents facilitate, rather than inhibit spinal α-motoneurons projecting to the knee 
493 extensors. Indeed, previous work has suggested that group III/IV afferent feedback can inhibit 
494 or facilitate α-motoneuron depending on the muscle group studied 58. Furthermore, Sidhu et al. 
495 60 also measured CMEP during the silent period to mitigate the potential influence of changes 
496 in on-going descending drive on α-motoneuron excitability, but found no change in conditioned 
497 CMEPs during control conditions or when afferent feedback was reduced. The authors 
498 speculated that the facilitatory effects of group III/IV feedback on α-motoneuron excitability 
499 might only occur in the presence of descending drive. 
500 The findings of Sidhu et al. 60 appear contradictory to that of Weavil et al. 86. That is, if α-
501 motoneurons are disfacilitated during constant load severe intensity cycling exercise, but a 
502 reduction in CMEP is not apparent due to the increased neural drive and EMG 86, one might 
503 expect that CMEP would decrease when measured at the same EMG level. However, the 
504 opposite was found by Sidhu et al. 60, i.e. CMEPs increased. This result cannot be explained 
505 by an increased descending drive at the same EMG level, since conditioned CMEPs exhibited 
506 no change 60. One possible explanation is that Weavil et al. 86 measured responses during 































































507 constant load cycling, while Sidhu et al. 60 had participants reduce their power output at post-
508 exercise in order to achieve the same EMG level as pre-exercise. It is possible that processes 
509 which disfacilitate α-motoneuron excitability (such as changes in intrinsic properties, 
510 activation of serotonin 1A receptors, of neurotransmitter depletion16,86) exhibited some 
511 recovery due to the decrease in intensity. This, coupled with the elevated facilitatory afferent 
512 feedback in the control trial, might have resulted in the increase α-motoneuron excitability at 
513 the same EMG level. Further studies measuring α-motoneuron excitability during severe 
514 intensity exercise, with both on-going descending drive and during the TMS evoked silent 
515 period, are warranted to provide further insight into the effects of severe intensity exercise on 
516 α-motoneuron excitability.
517 Alterations in spinal-loop excitability could also contribute to impaired neuromuscular function 
518 during severe intensity exercise, with reductions in H-reflex found to occur in an intensity-
519 dependent manner 102,103. Bulbulian and Darabos 102 found a 22% reduction in H-reflex 
520 amplitude relative to Mmax measured in the gastrocnemius following 20 minutes of non-
521 exhaustive treadmill running at 75% VO2max, compared to a 13% reduction at 40% VO2max. 
522 Similar reductions in H-reflex have been demonstrated following non-exhaustive high-
523 intensity cycling exercise 103. While the H-reflex alone cannot decipher between altered 
524 excitatory input from Ia afferents and a decrease in α-motoneuron excitability, evidence from 
525 fatiguing isometric contractions using microneurography show that muscle spindle afferent 
526 discharge is progressively reduced during sustained contractions 104, and that the efficacy of Ia 
527 input to facilitate the α-motoneuron is impaired due to increased presynaptic inhibition 105. 
528 During severe intensity exercise, presynaptic mechanisms, such as group III and IV afferent 
529 induced increases in presynaptic inhibition of Ia terminals, are likely given the metabolic 
530 disturbances and the proposed inputs of group III/IV afferents onto Ia afferent terminals 106. 
531 However, challenges associated with measurement techniques preclude definitive conclusions 































































532 on the role of Ia feedback in disfacilitating α-motoneurons and thereby contributing to impaired 
533 neuromuscular function. 
534 In addition to measuring the specific effects on group III/IV afferent feedback on motor cortical 
535 and α-motoneuronal excitability discussed above, a plethora of studies have assessed the effects 
536 of group III/IV afferent feedback on neuromuscular function through more global responses 
537 such as EMG and Ptw 16,60,71,89,91. These studies have demonstrated that group III/IV afferents 
538 constrain motoneuronal output (estimated through EMG) to active skeletal muscle, thereby 
539 limiting exercise-induced intramuscular alterations. For example, Blain et al. 91 had 
540 participants perform a 5 km cycling time trial under control conditions and with fentanyl 
541 induced impairment in afferent feedback. With reduced afferent feedback, it was demonstrated 
542 that motoneuron output (estimated through vastus lateralis EMG) was 21% higher when 
543 afferent feedback was reduced compared to control conditions. Due to the greater activation 
544 levels throughout cycling, intramuscular alterations such as Pi, H+ and ADP,  concentrations, 
545 which are correlated reductions in Ptw 107, were all significantly higher compared with control 
546 conditions when measured through muscle biopsies following exercise. Consequently, the 
547 reduction in Ptw was substantially greater when feedback was reduced (52 vs 31% reduction 
548 compared with control condition). The increased motoneuron output and end-exercise level of 
549 reduced Ptw with afferent blockade are consistent findings throughout the literature 85,89,90,108. 
550 Thus, it is suggested that, through metabosensitive firing of group III/IV afferent feedback, the 
551 level of metabolic disturbance is sensed within the CNS, and the drive to the muscle is 
552 subsequently regulated to prevent abnormal or interoperable deviations in muscle homeostasis 
553 78. 
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555 What is not entirely clear is how group III/IV constrains motoneuron output. It is unlikely to 
556 be a result of altered α-motoneuron excitability, given that reduced afferent feedback facilitates 
557 61 or has no effect 17 on CMEP amplitude. However, given the inhibitory effects of group III/IV 
558 afferent feedback within 16,60 and potentially upstream of the motor cortex 98, as well as their 
559 proposed inputs to Ia terminals 106, motoneuron output could be constrained through the 
560 neurophysiological adjustments that group III/IV afferents elicit within the CNS. However, as 
561 well as having proposed non-nociceptive effects through alterations in CNS function and 
562 induction of the pressor reflex 85, group III/IV afferents also elicit nociceptive effects, which 
563 could also have implications for perception of effort during exercise. The increased level of 
564 effort associated with discomfort and increased cardiopulmonary response as a result of group 
565 III/IV feedback could impact how hard participants are willing to ‘push’ during exercise, and 
566 thereby influence motoneuron output. During exercise at a constant load of 80% peak power 
567 output, Amann et al. 90 demonstrated the rate of perceived exertion (RPE) was lower following 
568 the initial 3 minutes of the task when afferent feedback was reduced relative to control 
569 conditions. During self-paced exercise, the RPE remains similar between reduced afferent 
570 feedback and control conditions throughout exercise, but the power output is enhanced during 
571 the early stages of exercise with reduced afferent feedback 91. Thus, early during severe 
572 intensity exercise, nociceptive and cardiopulmonary feedback likely contributes to an increased 
573 sense of effort associated with the same power output 90, or causes participants to choose a 
574 lower power output during self-paced tasks 91. Towards the latter stages of exercise, however, 
575 RPE is similar with and without reduced afferent feedback 90. This is likely the result of the 
576 increased drive to the muscle occurring throughout exercise due to the lack of nociceptive 
577 feedback, thereby ‘allowing’ greater activation of muscle, and in turn causing greater 
578 disturbances within the muscle. As the muscle becomes less responsive, a greater level of drive 
579 is required to compensate for contractile impairment and sustain the same power output 90, with 































































580 this increase in efferent command emitting parallel messages (corollary discharge) to brain 
581 regions associated with perceptions of exertion, thereby increasing RPE 109. Accordingly, in 
582 addition to the alterations along the neuromuscular pathway induced by group III/IV feedback, 
583 the nociceptive and cardiopulmonary signals evoked by these afferents likely influences the 
























































































609 Neuromuscular responses to sustained exercise below critical power
610 Muscle force generating capacity, voluntary activation and contractile function
611 Exercise between lactate threshold and critical intensity is classified as heavy intensity 
612 exercise, while exercise below lactate threshold is termed moderate intensity 23,24. Heavy 
613 intensity exercise can be sustained for prolonged periods, with time to task failure ranging 
614 between ~40 min to 3 hours 23,110. Moderate intensity exercise can be performed for durations 
615 well above 3-5 hours, and constitute the intensity at which ultra-endurance events are 
616 performed 20,77. The neuromuscular responses measured in studies in which exercise lasted 
617 from > 30 min to 3 hours (likely falling predominantly within the heavy domain) and > 3 hours 
618 (predominantly within the moderate domain) are displayed in Tables 3 and 4, respectively. 
619 While variation exists in the literature, a comparison between the results from the studies in 
620 these tables suggests that the loss in muscle strength is greater with increasing exercise duration 
621 before reaching an eventual plateau above exercise lasting ~1000 min (Figure 4), a 
622 phenomenon previously highlighted by Millet when examining running-based exercise 77. 
623 Within the heavy and moderate domains, energy supply is achieved through oxidative 
624 metabolism, rather than anaerobic pathways 25,111. Consequently, alterations in muscle 
625 metabolism are much more limited than with exercise in the severe domain, with steady-state 
626 values of PCr, pH and Pi achieved within the first few minutes of exercise 23,25. Nevertheless, 
627 impairments in contractile function have been widely observed following both moderate and 
628 severe intensity exercise (Tables 3 and 4). Following self-paced tasks, some of the reductions 
629 in Ptw could be a result of a “sprint-finish”, in which intensity increases towards the latter stages 
630 of a race and thus fall within the severe domain, with associated metabolic changes which 
631 contribute to reduced Ptw 22. For example, following a self-paced 20 km time trial lasting on 
632 average 32 min, Thomas et al. 22 showed a 31% reduction in Ptw, while in a separate study by 
633 the same group, the reduction in Ptw following a constant load task in which task-failure 































































634 occurred at 42 min was just 11% 21. Thus, the self-paced versus constant pace exercise 
635 challenges used across studies is another potential source of heterogeneity in results regarding 
636 neuromuscular responses to moderate and heavy intensity exercise (Tables 3 and 4). However, 
637 the magnitude of reduced Ptw observed by Thomas et al. 21 following constant load exercise is 
638 consistent with other studies within the heavy domain, with Lepers et al. 112,113 and Racinais et 
639 al. 114 demonstrating reductions in Ptw of 9, 12 and 11%, respectively. Interestingly, this 
640 reduction in Ptw is lower than some studies assessing Ptw following more prolonged constant 
641 load moderate intensity exercise 115,116 (Figure 4C), suggesting a possible greater extent of 
642 impaired contractile function following more prolonged locomotor exercise, though 
643 heterogenous results exist throughout the literature (Table 4). 
644 It is thought that glycogen depletion is the primary contributor towards impaired contractile 
645 function following prolonged heavy and moderate intensity exercise 111,117. Glycogen depletion 
646 could interfere with the excitation-contraction coupling through localised depletion of muscle 
647 glycogen at the t-tubular-sarcoplasmic reticulum (SR) junction 118. Indeed, following 4 h of 
648 glycogen depleting exercise, Gejl et al. 119 showed a persistent reduction in SR Ca2+  release 
649 after 4 h of recovery when participants were given only water, while participants given 
650 carbohydrates concurrently demonstrated recovery of SR Ca2+  release. Inhibition of SR Ca2+  
651 release is thought to occur below critical levels of muscle glycogen (250-300 mmol·kg-1) 120, 
652 and values below these concentrations have been demonstrated following heavy and moderate 
653 intensity exercise 23,110, including ultramarathon running 121. Another mechanism likely 
654 contributing to impaired contractile function include increased production of reactive oxygen 
655 and nitrogen species 122, which increase following prolonged exercise 123 and interfere with 
656 Ca2+ release through redox modifications of ryanodine receptors 124. Furthermore, following 
657 running based exercise involving repeated stretch shortening cycles, muscle damage induced 
658 myofibrillar disintegrity and disorganisation of sarcomeres likely occurs, leading to a reduced 































































659 ability of the contractile machinery to produce force 125. Thus, while the magnitude of impaired 
660 contractile function is not as prominent following moderate and heavy intensity exercise 
661 compared to severe intensity, the consistently reduced Ptw across studies (Tables 3 and 4) 
662 suggests that alterations within the muscle contribute to reduced neuromuscular function within 
663 these domains. 
664 Reductions in VA are substantial following moderate and heavy intensity exercise, and these 
665 appear to be exacerbated as exercise duration increases (Figure 4). This likely explains, minat 
666 least in part, the increased strength loss associated with longer duration exercise (Figure 4). 
667 Studies examining the kinetics of altered neuromuscular function during prolonged moderate 
668 duration exercise have shown that reduced VA occurs in the latter stages, with Place et al. 126 
669 and Lepers et al. 116 demonstrating that VA was reduced only following 4 and 5 h of a 5 h 
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691 Central nervous system alterations during moderate and heavy intensity exercise
692 Overall, little research exists examining specific alterations within the CNS in response to 
693 moderate or heavy intensity exercise. Studies have demonstrated reductions in VATMS within 
694 both domains 17,21,115, possibly indicating impaired motor cortical output. The impact of 
695 prolonged exercise on the excitability of the motor pathway is unclear. When measured with 
696 the muscle at rest, studies have demonstrated reductions in MEP amplitude following 
697 prolonged exercise ranging from 20 km cycling 22, marathon running 132, and a simulated Tour 
698 de France 141. However, changes in MEP amplitude at rest might not reflect alterations in 
699 corticospinal excitability that occur during contractions. When corticospinal excitability has 
700 been assessed pre- and post-prolonged exercise during isometric contractions, conflicting 
701 findings exist, with studies reporting an increase 17, decrease 132,141, or no change in MEP 
702 amplitude 21,22,142. Similarly conflicting results have been shown for the silent period, with no 
703 change 115 or an increase 17 being reported. The conflicting findings could be the result of the 
704 substantial heterogeneity in the exercise challenges, such as the modalities and the duration of 
705 the task, as well as methodological differences such as stimulation intensities and the 
706 contraction intensities at which corticospinal excitability is measured, both of which can 
707 influence the change in MEP in response to exercise 17,143. No research to date has utilised 
708 spinal stimulation to assess the effect of prolonged exercise on α-motoneuron excitability, and 
709 this represents an area for future research. Racinais et al. 114 demonstrated a 61% reduction in 
710 H-reflex amplitude following 90 min of non-exhaustive running exercise. Avela et al. 62 
711 observed similar reductions in H-reflex amplitude following marathon running, whilst also 
712 displaying reductions in the EMG response and passive stretch-resisting force following a 
713 natural stretch reflex evoked through sudden changes in muscle length. However, whether this 
714 was due to altered Ia excitatory input or impaired α-motoneuron excitability is unclear. Further 































































715 work is required to elucidate the effects of prolonged exercise within the moderate and heavy 
716 exercise domains on the corticospinal pathway at both the supraspinal and spinal level. 
717
718 Neuromuscular responses to high-intensity intermittent exercise
719 While an increasing number of studies have assessed neuromuscular responses to continuous 
720 locomotor exercise during tasks such as cycling and running, many team sports, such as 
721 association football (soccer), rugby league, and hockey, are characterised by bouts of high-
722 intensity exercise interspersed with prolonged periods of low-to-moderate intensity activity. In 
723 addition, team sport players also complete numerous dynamic actions throughout competitive 
724 matches, such as jumping, changing direction, tackling and/or kicking, which are often 
725 performed with incomplete recovery 144. Consequently, high-intensity intermittent team sports 
726 are associated with a high physiological and neuromuscular demand, resulting in substantial 
727 fatigue and impairments in neuromuscular function 145. During team sports such as soccer and 
728 hockey, fatigue manifests through transient reductions in work-rate following the most 
729 demanding periods of a match, and cumulative reductions in work-rate towards the end of a 
730 match 144. In addition, fatigue is thought to increase the risk of sustaining an injury during 
731 match-play, as players are more susceptible to sustaining injuries towards the latter stages of a 
732 match 6. In order to better understand the physiology underpinning fatigue experienced during 
733 match-play, studies have examined the neuromuscular responses to simulated and competitive 
734 high-intensity intermittent team sport activity. 
735 Using a simulated soccer match protocol designed to replicate the physiological demands of 
736 soccer match-play, Goodall et al. 145 investigated neuromuscular function before, at half-time 
737 (i.e. 45 min), full-time (i.e. 90 min) and following a period of extra time (i.e. 120 min). An 
738 interesting finding from this study was that while the simulated soccer match induced 
739 reductions in MVC and impairments in both contractile function and VA, the reduction in 































































740 contractile function demonstrated a plateau after half-time (Figure 5). It was hypothesised that 
741 this plateau was due to the early fatigue of higher threshold motor units, which are more 
742 susceptible to fatigue, within the first half. In the second half, the lower reduction in contractile 
743 function was suggested to be a result of the recruitment of more fatigue-resistant motor units, 
744 which exert a smaller reduction in the size of evoked twitch responses. In contrast to the nadir 
745 in contractile function, impairments in VA increased progressively, with a VA lower at half-
746 time compared with pre-match, and lower at the end of extra-time compared with half-time. 
747 These impairments in neuromuscular function were concurrent with increases in perceptions 
748 of effort and impairments in voluntary physical performance (sprint speed and jump height) 
749 measured in a companion study 146. 
750 Numerous other studies have assessed neuromuscular function following a range of 
751 competitive and simulated high intensity intermittent team sport protocols (Table 5). Following 
752 simulated 147 and competitive soccer match-play 15,148, studies have demonstrated impairments 
753 in Ptw and VA of around 14% and 8%, respectively 15,148, resulting in a 11-14% reduction in 
754 knee extensor MVC. These impairments occurred concurrently with decreases in jump height, 
755 reactive strength and sprint speed 15,147. The mechanisms of impaired contractile function 
756 following match-play likely relate to the considerable muscle damage elicited by the numerous 
757 eccentric actions associated with match-play 149, glycogen depletion, with glycogen levels 
758 reported to fall below concentrations at which Ca2+ handling is impaired 119,150, and increases 
759 in reactive oxygen and nitrogen species, with measures of oxidative stress increased following 
760 a single match 149, possibly inhibiting Ca2+ handling 122. The mechanisms of impaired VA are 
761 less clear, with the limited number of studies examining corticospinal and intracortical 
762 responses following simulated 145,147 and competitive match-play 15 showing no changes post-
763 exercise, though further research is required to assess the effect of high-intensity intermittent 
764 exercise on spinal reflex pathways and α-motoneuronal excitability. Thus, during prolonged 































































765 high-intensity intermittent exercise such as soccer match-play, neuromuscular function is 
766 impaired both at the peripheral and central level, with peripheral disturbances more prevalent 
767 in the earlier stages of exercise, and impairments in VA more apparent as exercise progresses. 
768 These disruptions in neuromuscular function likely contribute to the decline in physical 
769 performance known to occur following the most demanding periods of match-play and towards 
770 the end of a match. 
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777 Conclusions on the role of exercise intensity on neuromuscular responses to locomotor 
778 exercise
779 The above synopsis of the current literature pertaining to neuromuscular responses to maximal, 
780 severe, heavy, moderate and high-intensity intermittent intensity locomotor exercise, provides 
781 insight into the challenge imposed on the neuromuscular system during fatiguing locomotor 
782 activity. Across the exercise domains, there are both commonalities and differences in 
783 neuromuscular responses which warrant discussion. 
784 Overall, the reduction in muscle force generating capacity is similarly reduced following 
785 exhaustive maximal, severe and heavy intensity exercise 21,31. Reductions in MVC are more 
786 pronounced following long-duration moderate intensity exercise, which appears to be related 
787 to exercise duration (Figure 3). However, different neuromuscular mechanisms are likely to 
788 contribute to declines in MVC between domains. While VA has been shown to be reduced 
789 following exercise across all domains, possibly due in part to impaired motor cortical output,  
790 these reductions are more substantial following prolonged moderate and heavy intensity 
791 exercise. For example, Thomas et al. 21 demonstrated a 9% reduction in VA following 42 min 
792 of cycling at the power output associated at the respiratory compensation point, compared to a 
793 3% reduction at the power output associated with VO2max, with a similarly greater magnitude 
794 of reduced VA following prolonged compared with short-duration self-paced cycling 22. As 
795 indicated in previous sections, reductions in VA appear to occur in a dose-response manner 
796 based on the duration of exercise. What is unclear at present is which mechanisms contribute 
797 to the exacerbated reduction in VA following prolonged exercise. While increases in group 
798 III/IV afferent feedback have been suggested to contribute to impaired VA in response to 
799 severe intensity exercise 16, the firing rate of these afferents are less likely to increase below 
800 critical intensities given that there is a lower build-up of metabolites or, in the case of cycling, 
801 markers of muscle damage to which these afferents are sensitive 158. The greater reduction in 































































802 VATMS following prolonged heavy intensity exercise compared with short-duration severe 
803 intensity exercise 21,22 would suggest that impaired cortical output could be an important 
804 contributor. However, the mechanisms contributing to impaired VATMS are not well 
805 understood. Exacerbated increases in core temperature 159 and alterations in neurotransmitter 
806 concentrations 101 have both been suggested, however comparisons between these potential 
807 contributors across domains has not been made. 
808 Similarly, no evidence exists comparing the effects of exercise within different domains on α-
809 motoneuron responses to exercise. Following maximal intensity arm cycling exercise, one 
810 study observed an increase in α-motoneuron excitability 45. During severe intensity exercise, it 
811 is suggested that α-motoneurons are disfacilitated 86, while another study suggests a fatigue-
812 induced facilitation of α-motoneurons 60. No evidence exists on the effect of prolonged 
813 moderate or heavy intensity exercise on α-motoneuron excitability. Thus, the precise effects of 
814 different intensities of locomotor exercise on α-motoneuron excitability is unclear, and more 
815 research is required to better understand these responses.   
816 Contractile function is also impaired following exercise within all domains. The magnitude and 
817 the mechanisms of this reduction, however, differ. Impairments in contractile function are 
818 greater following maximal and severe intensity exercise compared with moderate and heavy 
819 intensity exercise 21,22,31. For example, Kruger et al. 31 found a 50% reduction in Ptw following 
820 a 30 s of all-out cycling, a 44% reduction following 10 min of severe intensity exercise, and a 
821 14% reduction following 90 min of moderate intensity exercise. The mechanisms contributing 
822 to impairments in contractile function following maximal and severe intensity exercise are 
823 likely relate to a build-up of metabolites associated with high anaerobic energy turnover. In 
824 contrast, the reduction in Ptw following prolonged exercise is thought to be related to glycogen 
825 depletion 119, increased production of reactive oxygen and nitrogen species 122, and, following 
826 running-based exercise, muscle damage 125. Accordingly, the distinct metabolic responses 































































827 between exercise domains causes impaired contractile function through different mechanisms 
828 and to different degrees. 
829 Finally, there are similarities across all domains with respect to the kinetics of altered 
830 neuromuscular function. For example, during repeated sprint 43, constant load severe intensity 
831 79, high-intensity intermittent 145, and prolonged constant load moderate intensity exercise 116, 
832 impaired contractile function is demonstrated during the first half of exercise, before impaired 
833 VA becomes more evident during the latter half. During repeated sprint exercise, motoneuron 
834 output estimated through EMG is progressively reduced 39, while EMG is increased before 
835 plateauing during severe intensity exercise 79. Thus, the nadir in reduction Ptw commonly 
836 observed during exercise within these domains could be due to the reduced or plateaued 
837 recruitment of muscle during the later stages of exercise, causing no further decrements in 
838 contractile function.
839 To better understand the effects of different intensities of locomotor exercise on neuromuscular 
840 function, more research is required, similar to that of Thomas et al. 21,22, to compare 
841 neuromuscular responses at a segmented level between different exercise domains. 
842 Furthermore, although challenging, studies should attempt to deliver stimulations to probe the 
843 excitability of the corticospinal tract, both at the cortical and spinal level, during the task itself 
844 16,60,86. Finally, due to the rapid recovery of contractile and CNS following exercise 31,160, 
845 studies should attempt to rapidly deliver stimulations upon exercise cessation in situations 
846 where neuromuscular function is being assessed post-exercise. This can be achieved using 
847 custom-built exercise ergometers which permit immediate neuromuscular assessments without 
848 the requirement to manoeuvre between exercise and testing apparatus 31,66,161.  
849
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851 The effect of exercise modality on neuromuscular responses to locomotor exercise
852 One of the central themes surrounding research into the neuromuscular responses to fatiguing 
853 exercise is task-dependency. In addition to the influence of exercise intensity and duration 
854 discussed earlier, exercise modality, or the type of locomotor exercise being performed, can 
855 have a profound influence on the demands placed on the neuromuscular system 130. Exercise 
856 modality can influence the contraction type in the prime movers involved in locomotor 
857 exercise, as well as contraction duration or time under tension, the active skeletal muscle mass, 
858 mechanical efficiency and muscle recruitment strategy. All of these factors can in turn 
859 influence the metabolic and mechanical stress imposed on the muscle, and the mechanisms 
860 underpinning decrements in neuromuscular function during exercise. 
861 While several different modes of locomotor exercise exist (e.g. running, cycling, rowing, 
862 skiing), systematic comparisons delineating the neuromuscular responses to different exercise 
863 modes are scarce. However, studies by Lepers et al. 116 and Place et al. 126 assessed the 
864 neuromuscular responses to cycling and running exercise, respectively, at the same relative 
865 intensity (55% maximal aerobic power or velocity) and duration (5 h). Comparisons between 
866 the results of those studies show that, despite the similar exercise intensity and duration, the 
867 reduction in knee extensor strength was greater following running (28%) compared with 
868 cycling exercise (18%). The greater reduction in MVC was likely due to the greater reduction 
869 in VA following running (16%) compared with cycling (8%). In a study directly comparing 
870 cycling and running exercise, Tomazin et al. 47 had participants perform three sets of five × six 
871 second repeated sprints on both a treadmill and a cycle ergometer, on separate occasions. The 
872 study found that the reduction in MVC was greater during and following running sprints 
873 compared with cycling. In addition, the reduction in MVC was accompanied by a reduction in 
874 VA throughout the running protocol which was not seen during cycling. Following ~3 h of 
875 running 130 and skiing exercise 131, a significant reduction in VA (8%) was only observed 































































876 following running based exercise. Thus, it appears that alterations to CNS function and 
877 consequent impairments in muscle strength are greater following running-based exercise 
878 compared with other locomotor exercise modes. This is likely a result of the muscle damage 
879 associated with running based exercise, and the lower mechanical demands imposed during 
880 exercise such as cycling and skiing. Specifically, running involves multiple stretch shortening 
881 cycles and associated eccentric contractions, likely to elicit considerable muscle damage, 
882 whereas cycling and skiing impose a high metabolic stress but a substantially lower mechanical 
883 stress. In turn, muscle damage could elicit reductions in VA through reduced sensitivity of 
884 muscle spindles and disfacilitation of α-motoneurons from Ia afferents 62, and/or increased 
885 inhibitory feedback from group III/IV afferents which are sensitive to various markers of 
886 muscle damage 162. Furthermore, muscle damage elicited by eccentric exercise protocols have 
887 been shown to elicit substantial impairments in VA when measured immediately post-exercise 
888 158, further suggesting that muscle damage sustained during running contributes to the greater 
889 reduction in VA compared with cycling.
890 At the peripheral level, studies have reported a greater reduction in contractile function during 
891 and following cycling compared with running 116,126,163. For example, following 5 × 6 s cycling 
892 and running sprints, Rampinini et al. 163 demonstrated a significantly greater reduction in knee 
893 extensor peak twitch force following cycling (~55% reduction) compared with running 
894 (~35%). Similarly, Lepers et al. 116 found a significant reduction in knee extensor peak twitch 
895 during every hour throughout 5 h of cycling, whereas Place et al. 126 showed a potentiation of 
896 quadriceps contractile properties throughout 5 h of running exercise. The higher disturbances 
897 at the peripheral level in response to cycling could be a consequence of the differences in the 
898 involved muscle mass. For example, during weight supported sports such as cycling, the overall 
899 active muscle mass involved is lower than during running, with force primarily generated from 
900 the quadriceps. It has been demonstrated throughout the literature that during tasks involving 































































901 lower active muscle mass, the reduction in twitch force is higher 164,165. This is likely because 
902 during tasks involving a higher muscle mass, there is a greater sensory input (e.g. from group 
903 III/IV afferents) from the involved muscle mass, as well as a greater disruption to homeostasis 
904 in other physiological systems (e.g. cardiovascular, respiratory) 73. Consequently, there is a 
905 greater contribution to fatigue and the limit of tolerance from multiple physiological systems, 
906 whereas during cycling the more local, less diffuse signal from the lower muscle mass permits 
907 greater disturbances within the muscle to be tolerated 73. Moreover, running and cycling 
908 comprise different types of muscle contraction, with implications for the metabolic cost of 
909 exercise and thereby the neuromuscular responses. For example, during running, ~60% of the 
910 time taken to complete one stride is spent in the support phase (i.e. foot contact with the ground) 
911 for speeds between 12 and 23 km/h 166. In turn, around 34% of the support phase comprised 
912 eccentric muscle action, which has implications for the metabolic demand of running both due 
913 to the lower metabolic cost of eccentric contractions, and the higher efficiency of subsequent 
914 concentric contractions due to the “preloading” of muscle during the eccentric phase (i.e. 
915 through the stretch-shortening cycle) 167. Furthermore, the greater central deficit during running 
916 exercise possibly related to Ia disfacilitation (see above) could also limit alterations in 
917 contractile function. During cycling exercise, there is a high intramuscular tension throughout 
918 the majority of the pedal revolution, requiring high force generating of the quadriceps, and 
919 consequently greater recruitment of type II motor units. The high intramuscular pressure could 
920 also lead to partial occlusion of femoral artery blood flow, thereby reducing oxygen delivery 
921 and leading to greater metabolic disturbances 168. Thus, there are several potential explanations 
922 to the greater impairment in Ptw found after cycling versus running based exercise. Overall, 
923 there remains limited evidence comparing neuromuscular responses to different modes of 
924 locomotor exercise, and research in this area could provide useful information for athletes and 
925 practitioners when devising training programmes. 
































































927 Conclusions and future research
928 The present review provides a synopsis of literature, conducted primarily over the last two 
929 decades, pertaining to alterations in neuromuscular function in response to fatiguing locomotor 
930 exercise. The plethora of research which now exists in this area has clearly demonstrated the 
931 integral importance of task-dependency on alterations within the neuromuscular system. It is 
932 well established that neuromuscular function during exercise above critical intensity is 
933 primarily limited by disturbances in metabolic homeostasis and consequent impairments in 
934 contractile function. More prolonged exercise below critical intensity causes considerable 
935 reductions in the capacity of the nervous system to activate muscle, though the precise 
936 alterations within the central nervous system contributing to this reduction are still unclear. 
937 During repeated sprint, constant load severe intensity, high-intensity intermittent, and 
938 prolonged constant load moderate intensity exercise, impaired contractile function is 
939 demonstrated during the first half of exercise, before impaired voluntary activation becomes 
940 more evident during the latter half. Primarily, studies have utilised electrical nerve stimulation 
941 at rest and during maximal voluntary contractions to determine the effects of locomotor 
942 exercise at the peripheral and central level, respectively. To further investigate alterations 
943 within the nervous system, many studies have additionally utilised transcranial magnetic 
944 stimulation to assess the excitability of the corticospinal pathway, electrical stimulation of 
945 descending spinal tracts to assess α-motoneuron excitability, and nerve stimulation to assess 
946 spinal loop excitability at rest or during isometric contractions prior to and following locomotor 
947 exercise. While these studies have provided valuable insight into how various types of 
948 locomotor exercise impact the neuromuscular system, one limitation of this approach is that 
949 measuring responses during isometric contractions deviates from the locomotor exercise task 
950 itself, and thus hinders understanding of neuromuscular alterations that occur during the task. 































































951 For example, while prolonged exercise elicits substantial reductions in voluntary activation of 
952 muscle during a maximal voluntary contraction, the relevance of this reduction to exercise 
953 performance during submaximal intensity tasks is unclear, and has been questioned 74. 
954 Measuring the force generating capacity of muscle during isometric contractions also deviates 
955 from the types of contractions performed during dynamic locomotor exercise, and indeed 
956 measures of neuromuscular function during isometric contractions are not interchangeable with 
957 those measured during dynamic assessments 169. Moreover, the delay between exercise 
958 cessation and commencing neuromuscular assessments represents a significant general 
959 limitation when studying neuromuscular responses to locomotor exercise. To overcome these 
960 limitations, studies over the last decade have developed methodologies allowing them to 
961 deliver transcranial magnetic and electrical spinal stimulation during the locomotor exercise 
962 task itself 60,86. This represents an important advancement in the field, and future research 
963 should seek to employ similar techniques to better understand how various locomotor exercise 
964 challenges influence the nervous system during exercise. New and emerging methodologies, 
965 such as high-density surface EMG, have the potential to provide further insight into exercise-
966 induced alterations in nervous system function, though incorporating these techniques in 
967 response to locomotor exercise is a challenging prospect. Overall, while considerable 
968 advancements have been made in the last two decades, more work is required to provide further 
969 insight into locomotor exercise induced alterations in neuromuscular function, particularly 




































































975 Table and Figure Legends
976 Table 1. Literature quantifying neuromuscular alterations pre-to-post maximal intensity 
977 locomotor exercise.
978 Table 2. Literature quantifying neuromuscular alterations pre-to-post severe intensity 
979 locomotor exercise. Studies utilising protocols which resulted in task-failure in < 30 min were 
980 considered “severe intensity”.
981 Table 3. Literature assessing neuromuscular responses pre-to-post heavy intensity exercise. 
982 Studies in which exercise duration ranged from > 30 – 189 min were considered “heavy 
983 intensity”.  
984 Table 4. Studies assessing neuromuscular responses pre-to-post moderate intensity exercise. 
985 Studies in which exercise duration was > 240 min were considered “moderate intensity”.
986 Table 5. Studies assessing neuromuscular responses pre-to-post high-intensity intermittent 
987 team sport exercise.
988 Figure 1. Proposed alterations in neuromuscular function occurring during maximal intensity 
989 exercise. Adapted from Taylor et al. 61.
990 Figure 2. Relationship between time to post-exercise assessment and reduction in knee 
991 extensor maximum voluntary contraction (MVC; A), voluntary activation (VA; B) and peak 
992 twitch force (Ptw; C) as a percentage of pre-exercise 16,21,22,31,60,66,68,70,84,86,87,89,91,93,94,96. The R2 
993 is derived from the logarithmic slope presented on each graph.
994 Figure 3. Proposed alterations in neuromuscular function occurring during severe intensity 
995 exercise. Adapted from Taylor et al. 61.
996 Figure 4. Relationship between reduction in knee extensor maximal voluntary contraction 
997 (MVC; A), voluntary activation (VA; B) and peak twitch force (Ptw; C) as a percentage of pre-































































998 exercise relative to the duration of exercise. Note that the figure pertains only to longer duration 
999 with a minimum duration of 30 min 17,21,22,113-116,126-128,135-140. * outlier 127.
1000 Figure 5. Maximum voluntary contraction (A), potentiated knee-extensor twitch force (B) and 
1001 voluntary activation measured with motor nerve (VA), and motor cortical (VATMS) stimulation 
1002 (c) at pre-exercise, half time (HT), full time (FT), and following extra time (ET) of a simulated 
1003 soccer match. P = < 0.05 vs. the pre-exercise value, † = P < 0.05 vs. HT, ‡ = P < 0.05 vs. FT.   
1004 From Goodall et al. 145.
1005 Conflict of Interest
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29 Over the last two decades, an abundance of research has explored the impact of fatiguing 
30 locomotor exercise on the neuromuscular system. Neurostimulation techniques have been 
31 implemented prior to and following locomotor exercise tasks of a wide variety of intensities, 
32 durations, and modes. These techniques have allowed for the assessment of alterations 
33 occurring within the central nervous system and the muscle, while techniques such as 
34 transcranial magnetic stimulation and spinal electrical stimulation have permitted further 
35 segmentalisation of locomotor exercise-induced changes along the motor pathway. To this end, 
36 the present review provides a comprehensive synopsis of the literature pertaining to 
37 neuromuscular responses to locomotor exercise. Sections of the review were divided to discuss 
38 neuromuscular responses to maximal, severe, heavy and moderate intensity, high-intensity 
39 intermittent exercise, and differences in neuromuscular responses between exercise modalities. 
40 During maximal and severe intensity exercise, alterations in neuromuscular function reside 
41 primarily within the muscle. Although post-exercise reductions in voluntary activation 
42 following maximal and severe intensity exercise are generally modest, several studies have 
43 observed alterations occurring at the cortical and/or spinal level. During prolonged heavy and 
44 moderate intensity exercise, impairments in contractile function are attenuated with respect to 
45 severe intensity exercise, but are still widely observed. While reductions in voluntary activation 
46 are greater during heavy and moderate intensity exercise, the specific alterations occurring 
47 within the central nervous system remain unclear. Further work utilising stimulation techniques 
48 during exercise and integrating new and emerging techniques such as high-density 
49 electromyography is warranted to provide further insight into neuromuscular responses to 
50 locomotor exercise. 
51 Key words: Cycling, fatigue, neurostimulation, neuromuscular physiology, running
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54 The study of exercise-induced fatigue has captivated academics within the field of sport and 
55 exercise for centuries, with research into the topic dating back as far as the 18th century through 
56 the pioneering work of Alessandro Mosso, documented in his book La fatica. Today, fatigue 
57 remains the subject of considerable research attention, with over 3000 scientific publications 
58 on this topic in the last 20 years. Despite this interest, a strict definition of fatigue remains 
59 elusive, likely due to the numerous divisions within sport and exercise science providing 
60 definitions which best suit their individual discipline. Recent efforts have been made to provide 
61 a universal definition of fatigue, applicable to both athletic and clinical populations, which 
62 encompasses the interdependent physical and cognitive processes that occur with numerous 
63 chronic health conditions, and during and following strenuous exercise 1. To this end, Enoka 
64 and Duchateau 1 define fatigue as a debilitating symptom of tiredness and weakness, dictated 
65 by interactions between performance fatigability, which involves an acute exercise-induced 
66 reduction in force or power output of the involved muscles, and perceived fatigability, 
67 involving changes in sensations that accompany fatigue. The definition of fatigue as a sensation 
68 of tiredness and weakness, underpinned and/or modulated by a myriad of physiological and 
69 psychological processes, is used for the purposes of this review. 
70 In sport and exercise science, considerable research has focused on the effect of fatiguing 
71 exercise on objective measures of performance, such as alterations in the force and/or power 
72 generating capacity of muscle (i.e. the ‘performance fatigability’ aspects) 2-4. Such endeavours 
73 are logical given that the ability of the muscle to exert force is imperative to successful sporting 
74 performance. During high-intensity or prolonged exercise, the force generating capacity of the 
75 muscle is reduced 5. This reduction in muscle force during exercise, and the neurophysiological 
76 changes which accompany it, are integral contributors to fatigue and impaired exercise 
77 performance, and also possibly increase injury risk 6,7. Consequently, understanding exercise-































































78 induced impairments in muscle force generating capacity, and the mechanisms which elicit 
79 these impairments, is a pertinent area of research. 
80 Voluntary force is produced through a complex chain of events which occur throughout the 
81 neuromuscular pathway, from brain to muscle. As every step along this pathway is susceptible 
82 to change during fatiguing exercise, determining the alterations within the neuromuscular 
83 pathway that occur during exercise can facilitate understanding of the causes of reduced muscle 
84 force, and in turn exercise performance 1. Using peripheral nerve stimulation, it is possible to 
85 differentiate between the contribution of alterations within the muscle and central nervous 
86 system (CNS) to impaired neuromuscular function and force generating capacity during 
87 exercise. Peripheral contributors to reductions in muscle force involve disturbances at sites at 
88 or distal to the neuromuscular junction and can be assessed by measuring involuntary evoked 
89 responses to electrical stimulation on relaxed muscle. This technique offers a method to assess 
90 the manifestation of biochemical and histological changes occurring within muscle fibers 
91 through changes in the resting twitch force. Other methods, such as muscle biopsies and 
92 Ultrasound, can be used to provide further insight into biochemical and histological alterations 
93 occurring during locomotor exercise 8,24. Central contributors to fatigue involve processes 
94 occurring proximal to the neuromuscular junction, resulting in an impairment in the capacity 
95 of the CNS to voluntarily activate the muscle, and can be examined through evoked responses 
96 to electrical or magnetic stimulation during submaximal and maximal voluntary contractions 
97 (MVCs) 5. Moreover, exercise-induced alterations in the corticospinal tract, which represents 
98 the primary motor pathway for control of human movement, can be further segmented through 
99 the use of transcranial magnetic stimulation (TMS), with concurrent spinal stimulation 
100 enabling the differentiation between cortical and spinal components of the motor pathway 8,9. 
101 Other techniques, such as the assessment of stretch-reflex responses following physical 
102 perturbations, can also be used to monitor natural reflex responses 10, though the application of 































































103 these methods in response to fatiguing locomotor exercise is limited. While many of these 
104 techniques permit the assessment of neuromuscular function at a segmented level, it should be 
105 noted that the peripheral and central contributors to impairments in neuromuscular function are 
106 not mutually exclusive. For example, changes occurring within the muscle influence the 
107 activation signal discharged by motor neurons during voluntary contractions, while sensory 
108 feedback transmitted from the muscle travels to various sites within the CNS, and can influence 
109 the behaviour of cortical and spinal neurons 1,11,12. 
110 A common approach when studying neuromuscular responses to fatiguing exercise is to deliver 
111 electrical and magnetic stimuli during fatiguing single-limb, isometric exercise protocols.  
112 While this approach is convenient because participants are not required to manoeuvre to the 
113 designated apparatus for the fatiguing task (i.e. the equipment used to measure isometric force), 
114 the ‘real-world’ applicability of the findings from these studies is questionable due to a lack of 
115 ecological validity. That is, the type of exercise being performed differs substantially from that 
116 performed in a sport and exercise environment, where dynamic, locomotor exercise is 
117 performed with multiple limbs, and the systemic and local responses are considerably different 
118 to that of isometric exercise. Given the well-established importance of task dependency in 
119 determining the aetiology of exercise-induced fatigue 13, extrapolations from findings using 
120 isometric exercise models in the context of locomotor activity should be made with caution 14, 
121 and there is a requirement to assess neuromuscular function in response to locomotor exercise 
122 itself. As such, a plethora of research over the last two decades have documented 
123 neuromuscular responses to locomotor exercise of varying intensities, durations and modes, 
124 both during and in the recovery period following exercise 15-17. While a number of reviews 
125 exist in the literature on corticospinal excitability during locomotor exercise 8,18, neuromuscular 
126 function responses to repeated sprints 19 and extreme endurance exercise 20,   a comprehensive 
127 review of the literature describing neuromuscular responses to locomotor exercise is lacking. 































































128 An understanding of how locomotor exercise impacts the neuromuscular system has 
129 implications for those working with both athletic and clinical populations. Accordingly, the 
130 aim of this review is to summarise literature examining neuromuscular responses during and 
131 following fatiguing locomotor exercise, with a focus on the role of locomotor exercise 
132 intensity, duration, and mode on the modulation of neuromuscular function. 
133
134 The role of exercise intensity and duration on neuromuscular responses to fatiguing 
135 exercise
136 Research has demonstrated that the intensity and duration of locomotor exercise has a profound 
137 influence on the aetiology of impairments in neuromuscular function 21-23. Exercise intensity 
138 during locomotor exercise can be categorised into distinct domains demarcated by 
139 physiological thresholds.  Specifically, four intensity domains have so far been established; 
140 moderate (power output below lactate threshold), heavy (power output between lactate 
141 threshold and critical intensity, defined as the asymptote of the relationship between intensity 
142 and time, and the maximum sustainable exercise intensity), severe (power output above critical 
143 intensity that can be sustained until VO2max is reached) and extreme (supra-severe intensity in 
144 which exercise intensity is so great that VO2max cannot be reached before exhaustion) 24. Each 
145 intensity domain is characterised by differences in VO2 kinetics, muscle metabolic, and blood 
146 acid-base responses 25. In turn, the exercise intensity domain and the distinct physiological 
147 responses within these domains are proposed to influence the mechanisms responsible for 
148 impairments in neuromuscular function. In addition, many sporting activities are characterised 
149 by intermittent bouts of maximal or severe intensity exercise interspersed with periods of 
150 recovery or moderate and heavy intensity exercise, such as in team sports. Thus, this form of 
151 activity imposes a unique challenge to all physiological systems, including the neuromuscular 































































152 system, in that it is of prolonged duration, spans the four exercise intensity domains, and is 
153 characterised by substantial mechanical demands. 
154
155 Neuromuscular responses to ‘all-out’ exercise
156 Muscle force generating capacity, voluntary activation and contractile function
157 Short-duration, maximum intensity exercise (30-60 s), in which there is maximum effort and a 
158 considerable decrease in performance, is referred to as ‘all-out’ exercise 26. This form of 
159 exercise is commonplace during sprint interval training, which is regularly implemented as a 
160 means of improving health 27 and sports performance 28, as well as the Wingate 30 s test, and 
161 athletic events such as 400 m track running. Moreover, repeated sprint exercise, characterised 
162 by short maximal efforts (3-7 s) separated by brief recovery periods (< 60 s), is a common and 
163 effective training modality 29, and is implicated in team sports such as basketball 30. Despite 
164 the relatively brief nature of this mode of exercise, there is a substantial and progressive 
165 decrease in the force generating capacity of the muscle. Following a 30 s all out cycle sprint, 
166 Kruger et al. 31 found a 19% reduction in knee extensor maximum voluntary contraction 
167 (MVC). Similar results have been observed following running or cycling repeated sprint 
168 protocols, with reductions in MVC when measured within 30 s post-exercise ranging from 15-
169 24% (Table 1). It is well-established that the decrease in performance during all-out exercise 
170 is due primarily to alterations occurring within the muscle. Indeed, following 30 s all-out 
171 cycling, Kruger et al. 31 and Fernandez-del Olmo et al. 32 reported a 50% and 41% reduction 
172 in peak twitch force (Ptw), respectively, indicating the presence of considerable impairments 
173 within the contractile machinery 32. The reduction in the ability of the muscle to produce force 
174 in response to neural input during all-out exercise is likely due to the reliance on anaerobic 
175 metabolism, the by-products of which are deleterious to contractile function. Specific 
176 mechanisms proposed to contribute to impaired contractile function include the accumulation 































































177 of inorganic phosphate (Pi) derived from the creatine kinase reaction, which has multiple roles 
178 in impaired contractile function33, such as interference with Ca2+ release and sensitivity, 
179 reductions in specific force per cross-bridge and the rate of cross-bridge formation 34,35. 
180 Accumulation of H+ ions occurring due to anaerobic glycolysis, and subsequent interference 
181 with the excitation-contraction coupling process is also a commonly cited mechanism26,36.  
182 Discrepancies exist in the literature regarding the effect of maximal intensity exercise on 
183 voluntary activation (VA). For example, following two 30 s all-out cycling tasks separated by 
184 30 min, Fernandez-del-Olma et al. 32 found a 34% reduction in VA, whereas Kruger et al. 31 
185 found no reduction in VA following a similar exercise task. Following repeated sprint exercise, 
186 some studies have reported no change in VA 37,38, while many others reported significant 
187 decreases ranging between 3 and 11% 39-45 (Table 1). While these discrepancies could be 
188 related to differences in the exercise protocols (e.g. number or duration of sprint, exercise 
189 mode, between-sprint recovery duration), time to post-exercise neuromuscular assessment, 
190 and/or characteristics of the participants studied (sex, age, physical condition), the body of 
191 evidence would suggest short-duration, all-out exercise could inhibit the capacity of the CNS 
192 to activate muscle (Table 1). 
193 In regards to the kinetics of change in neuromuscular function during repeated sprints, 
194 impairments in MVC, VA and Ptw have been shown to occur following just two sprints of a 
195 repeated sprint protocol 43. Both Goodall et al. 43 and Hureau et al. 39 showed that most of the 
196 reduction in Ptw occurred during the first half of a repeat-sprint protocol, and reached a nadir 
197 around the mid stage. In contrast, impairments in VA were shown to be more pronounced 
198 during the later stages of the protocol 39. These kinetics could be explained by the early 
199 utilisation of higher threshold fatigable motor units during the initial sprints causing the rapid 
200 reduction in Ptw, while the reduction in VA during the later stages could be due to a number of 
201 mechanisms (discussed below). In addition, root mean square EMG (EMGRMS) normalised to 































































202 the maximal muscle compound action potential (Mmax) is progressively reduced throughout 
203 repeated sprints, suggesting reduced alpha(α)-motoneuron output 39,46. Accordingly, impaired 
204 contractile function plays a particularly prominent role in reduced muscle force during the early 
205 stages of repeated sprints, while reductions in VA become more apparent during the later 
206 stages. 
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211 Central nervous system alterations during ‘all-out’ exercise
212 While the peripheral changes which contribute to impaired neuromuscular function during all-
213 out exercise are well-established, the mechanisms which contribute to reductions in VA are 
214 less clear. A number of functional changes can occur within the CNS and contribute to 
215 impairments in VA and muscle force, including impairments in motor cortical output 49, 
216 changes in the intrinsic properties of α-motoneurons 50, altered reflex responses at the spinal 
217 cord 51, increases in group III/IV afferent firing ascending to supraspinal and spinal centres 46, 
218 and alterations in descending neuromodulatory systems 52. While the invasive nature associated 
219 with directly assessing the activity of some these systems preclude their measurement in 
220 humans, indirect measures can provide insights into adjustments in the neuromuscular pathway 
221 that occur during maximal intensity exercise. Figure 1 depicts the neuromuscular pathway and 
222 the potential alterations within this pathway that contribute to or occur with reduced 
223 performance during maximal intensity exercise based on current evidence primarily derived 
224 from maximal cycling exercise. 
225 Regarding cortical output, this is commonly estimated via the delivery of TMS over the motor 
226 cortex to estimate VA (VATMS). This technique involves delivering single-pulse TMS during a 
227 MVC, with an increase in the evoked superimposed force relative to an estimated resting twitch 
228 thought to be indicative of a decrease in cortical output. It should be noted that while VATMS is 
229 the most common method of estimating changes in maximal cortical output, it is associated 
230 with various limitations, such as activation of antagonist muscles, submaximal activation of 
231 the motoneuron pool, and accuracy of the estimated resting twitch 53, and spinal influences on 
232 VATMS cannot be ruled out.  Studies using this technique in response to maximal intensity 
233 exercise have provided mixed evidence, with some reporting a decrease 32,43 in VATMS while 
234 others report no change 38,54. Thus, while there is some evidence that output from the motor 
235 cortex could be impaired during all-out exercise, the limitations in VATMS as well as the 































































236 conflicting findings in the literature preclude a definitive conclusion on the matter. The 
237 mechanism(s) which could reduce motor cortical output are unclear, but could relate to 
238 alterations in the properties of cortical neurons, or synaptic inputs acting at or upstream of the 
239 motor cortex  45,49,55. While evidence regarding the activity of these neurons in response to 
240 maximal intensity exercise is scarce, Pearcey et al. 45 demonstrated a reduction in the motor 
241 evoked potential to cervicomedullary evoked potential (MEP/CMEP) ratio measured post-
242 exercise and between bouts of repeated arm sprint cycling, indicative of a decrease in the 
243 excitability of motor cortical neurons. Although the relationship between MEP and voluntary 
244 activation is not entirely clear, a decrease in the excitability of motor cortical neurons 
245 responsible for producing descending drive would require a compensatory increase in neural 
246 drive into the cortex, and if such an increase is not possible (e.g. due to the maximal nature of 
247 all-out exercise), recruitment of α-motoneurons would be diminished and VA reduced. More 
248 studies utilising VATMS and cortical combined with spinal stimulation are required to elucidate 
249 the effects of all-out exercise on motor cortical output and excitability. 
250 Alterations in α-motoneuron excitability can be assessed by measure the CMEP in response to 
251 all-out exercise. This measure is advantageous given that cortical projections to α-motoneurons 
252 lack conventional presynaptic inhibition, which can influence responses such as the H-reflex 
253 independently of altered motoneuron excitability 56. Motoneuron excitability is influenced by 
254 the level of descending synaptic input, sensory input, monoaminergic input, and alterations in 
255 the intrinsic properties of α-motoneurons, all of which could be altered during fatiguing 
256 exercise 5. Only one study has assessed the CMEP in response to all-out exercise, with Pearcey 
257 et al. 45 demonstrating a 29% increase in CMEP amplitude when measuring responses during 
258 an isometric contraction following repeated arm-cycle sprinting. This increase in α-
259 motoneuron excitability could be considered surprising given that studies have observed a 
260 decrease in spinal excitability during fatiguing isometric tasks (e.g. 50,57), highlighting the 































































261 importance of task-dependency and contraction mode on the neuromuscular adjustments to 
262 fatiguing exercise. The authors posited that the increased excitability could be due to a decrease 
263 in voltage threshold for action potential, activation of persistent inward currents and the 
264 monoaminergic system during exercise, and/or the facilitatory effects of firing of group III/IV 
265 afferents on the biceps brachii 58,45. It should be noted that when measured during ongoing 
266 voluntary contractions, CMEPs can be influenced by alterations in descending drive from the 
267 motor cortex, and thereby confound estimations of α-motoneuron excitability. Thus, further 
268 studies measuring CMEPs (or other methods of estimating α-motoneuron excitability such as 
269 measuring thoracic or lumbar evoked potentials) in the absence of ongoing descending drive 
270 (e.g. during the TMS evoked silent period 59,60), and during more traditional forms of maximal 
271 intensity exercise (e.g. cycle sprints), are warranted to further understanding on the effect of 
272 maximal intensity locomotor exercise on α-motoneuron excitability.
273 Changes in motor cortical output and α-motoneuron excitability can occur in addition to, and/or 
274 secondary to alterations in input from sensory neurons. For example, projections from sensory 
275 neurons innervating skeletal muscle, including muscle spindles (group Ia/II), Golgi tendon 
276 organs (group Ib) and group III/IV afferents, can modulate the corticospinal pathway during 
277 exercise. The role of Golgi tendon organs during locomotor exercise is unknown, but are 
278 suggested to play a limited role in exercise-induced impairments in neuromuscular function 
279 5,61. During locomotor activity, group Ia afferents provide facilitatory feedback to α-
280 motoneurons, and exercise-induced disfacilitation of these afferents has been suggested as a 
281 potential mechanism of impaired α-motoneuron firing rate and thereby VA 5,62. The excitability 
282 of the spinal loop between muscle spindle afferents projecting to α-motoneurons can be 
283 assessed through the H-reflex, involving exogenous stimulation of the motor nerve to activate 
284 Ia afferents. The H-reflex can be influenced by numerous pre- and post-synaptic mechanisms, 
285 with exercise-induced reductions in H-reflex largely attributed to reduced Ia afferent discharge, 































































286 increased presynaptic inhibition onto Ia afferents, and decreased α-motoneuron excitability. 
287 Only one study has used this technique in response to maximal intensity repeated sprint cycling, 
288 consisting of 7 × 10 s sprints 51. The study assessed the effects of repeated sprints on pre-
289 synaptic inhibition of the spinal reflex pathway by utilising stimulation of cutaneous afferents 
290 of the foot, which is known to reduce presynaptic inhibition of Ia afferents 63. Concurrently, 
291 the study measured H-reflex amplitude with and without cutaneous stimulation to assess the 
292 effect of exercise-induced changes in pre-synaptic inhibition on spinal loop excitability. The 
293 results showed that delivering cutaneous stimulation attenuated the sprint induced reduction in 
294 H-reflex, possibly through reduced presynaptic inhibition of Ia afferents, whilst also 
295 attenuating the decline in power output throughout the sprints. These results suggest that 
296 disfacilitation from group Ia afferents, possibly owing to increased presynaptic inhibition, 
297 could be implicated in impaired α-motoneuron output during maximal intensity exercise. 
298 Furthermore, the firing rate of group III and IV muscle afferents, which are mechano- and 
299 metabosensitive sensitive sensory receptors that project inhibitory and/or facilitatory feedback 
300 to cortical and spinal regions of the motor pathway, likely increases substantially during all-
301 out exercise 64. However, the role of these afferents on neuromuscular function during maximal 
302 intensity exercise is not entirely clear. Torres-Peralta et al. 65 had participants perform 
303 isokinetic sprints before an incremental exercise test to exhaustion. After the incremental test, 
304 the quadriceps were occluded for 10 or 60 s, and a second isokinetic sprint was performed 
305 immediately after the occlusion periods. Despite the presumably augmented build-up of 
306 metabolites and increased group III/IV afferent feedback elicited by 60 s of occlusion, peak 
307 power recovered and was higher than that after 10 s of occlusion. Thus, the authors suggested 
308 that the role if group III/IV afferent feedback on maximal sprint performance is negligible, and 
309 can be overcome by a strong central command. Hureau et al. 46 had participants perform 10  
310 10 s cycle sprints, which were preceded by neuromuscular electrical stimulation (NMES) to 































































311 elicit metabolic disturbances in the quadriceps. Power output during the sprints, EMG activity, 
312 and post-exercise changes in Ptw where compared between the NMES and a control condition 
313 without NMES. It was shown that both power output and EMG activity were reduced in the 
314 NMES condition relative to control, while the post-exercise reduction in Ptw was consistent 
315 between conditions. Thus, the authors suggested that the metabolic disturbances caused 
316 increased group III/IV feedback, thereby reducing neural drive estimated through EMG in 
317 order to prevent peripheral homeostasis from deviating beyond tolerable limits. Thus, different 
318 interpretations exist on the role of group III/IV afferent feedback during maximal intensity 
319 exercise, precluding firm conclusions on the matter 16. 
320
321 Neuromuscular responses to severe intensity, short-duration exercise
322 Muscle force generating capacity, voluntary activation and contractile function
323 Many sporting activities are characterised by short-duration, high-intensity locomotor exercise, 
324 such as middle-distance running (i.e. 800-5000 m) or track cycling events lasting ~2-20 min. 
325 The exercise intensity associated with these events falls within the ‘severe’ domain, i.e. above 
326 the maximum sustainable exercise intensity, or ‘critical intensity’. Due to the rapid energy 
327 requirements associated with severe intensity exercise and the consequent generation of ATP 
328 from anaerobic pathways, exercise within this domain is associated with a progressive loss of 
329 muscle homeostasis, such as a reduction in pH and glycogen and an increase in Pi 23. These 
330 disturbances occurring at the peripheral level impair the capacity of the muscle to produce force 
331 in response to neural stimulation. Evidence suggests that disturbances within the muscle are 
332 the primary contributor to impairments in muscle force during severe-intensity exercise 21,22,66. 
333 Reductions in Ptw range from 16-55% when measured post-exercise (Table 2). This large 
334 variability in the magnitude of Ptw decrease could be due to a number of factors. Namely, the 
335 time to post-exercise neuromuscular assessment ranges from < 10 s to 4 min, with longer 































































336 durations often being required to manoeuvre participants to the neuromuscular testing 
337 apparatus. Kruger et al. 31 recently showed that Ptw recovered from −44% immediately post-
338 exercise to −34% following 2 minutes of recovery after severe intensity exercise, likely due to 
339 the rapid recovery of metabolic factors thought to interfere with the excitation-contraction 
340 coupling 36. Given that many studies take > 2 min to assess neuromuscular function, there is 
341 likely considerable underestimation of the effects of severe intensity exercise on Ptw, and Figure 
342 2 highlights that studies with a shorter time to post-exercise neuromuscular assessment 
343 demonstrate higher reductions in Ptw. 
344
345 Two other factors could contribute to the discrepancy in the level of reduced Ptw observed 
346 throughout the literature. Firstly, it is thought that the mechanisms contributing to the limit of 
347 tolerance, or the degree of fatigue which can be tolerated, could differ between individuals. 
348 Hodgson et al. 67 dichotomised a group of apparently homogenous individuals based on those 
349 who reached the limit of tolerance during ramp-incremental cycling with a knee-extension 
350 power reserve which exceeded the power produced at the limit of tolerance, and those without 
351 a power reserve. Those without a power reserve demonstrated exacerbated reductions in Ptw 
352 relative to those with a power reserve. Thus, it was suggested that task failure in individuals 
353 without a power reserve could be due to inhibitions in contractile function rendering them 
354 unable to achieve the required power output. In individuals with a power reserve, factors other 
355 than impaired contractile function might contribute to the limit of tolerance, or the willingness 
356 to tolerate a stronger symptom of fatigue might be lower than those without a power reserve. 
357 If disparate inter-individual mechanisms contributing to the limit of tolerance do exist, this 
358 could conceivably contribute to the variable reductions in Ptw between studies (Table 2) if some 































































359 individuals reach critical impairments in contractile function while others reach the limit of 
360 tolerance before these occur.
361 Secondly, the variable reductions in Ptw could be due to the considerable variance in the 
362 exercise intensity above critical power/speed between studies, with Table 2 displaying that task 
363 failure/completion occurred between 3 and 24 min. Conflicting evidence exists on whether the 
364 level of intensity above critical intensity influences the magnitude of reduction in Ptw at task 
365 failure. For example, Thomas et al. 21 demonstrated a greater reduction in Ptw at task failure 
366 when exercise was performed at a higher intensity (task failure at ~3 min) compared with a 
367 lower intensity (task failure at ~11 min) within the severe domain (33% vs 16% reduction in 
368 Ptw, respectively). In contrast, Schafer et al. 68 found no difference in end exercise reduction in 
369 Ptw when the power output was set to deplete the W’ within either 3 or 12 min (35% vs 31% 
370 reduction in Ptw, respectively), though it should be noted in this study participants didn’t 
371 necessarily exercise to volitional exhaustion. Furthermore, Black et al. 23 measured changes in 
372 a range of metabolic variables including PCr, lactate, K+, ATP, pH and glycogen (variables 
373 which are linked with the reduction in Ptw 36), and found no difference in the change in any 
374 variable when exercise was performed at three different intensities within the severe domain 
375 (65, 75 and 85% of work-rate difference between gas exchange threshold and VO2max, in which 
376 task failure occurred from 2.2 to 13.9 min), although peak twitch was not measured in the 
377 study. It has been proposed that a consistent magnitude of end-exercise alterations in metabolic 
378 variables (and thus Ptw) could exist due to a task specific ‘individual critical threshold’ of 
379 peripheral alterations in response to severe intensity locomotor exercise, beyond which the 
380 degree of associated sensory perceptions would not be tolerable 69. Proponents of this theory 
381 suggested that the individual critical limit of altered metabolic homeostasis is mediated by 
382 group III/IV muscle afferents, which could reduce drive from the motor cortex through 
383 inhibitory feedback in response to metabolic stimuli. 70-72. Whether or not alterations within 































































384 the muscle are regulated to an unvarying “critical threshold” during locomotor exercise is 
385 debated 73-75, and numerous theories exist on exercise tolerance and the degree to which 
386 metabosensitive afferent feedback plays a role 76-78. Nevertheless, when considering the 
387 alterations within the neuromuscular system which occur during severe intensity exercise, it is 
388 clear that these primarily reside in the muscle.
389 Impairments in VA are evident in response to severe intensity exercise, with reductions in post-
390 exercise voluntary activation range from 3-14% (Table 2). One study assessed the kinetics of 
391 change in neuromuscular function throughout constant load severe intensity exercise. Decorte 
392 et al. 79 had participants perform intermittent bouts of 6 min cycling at ~80% peak power 
393 output, with 4 min recovery between cycling bouts during which neuromuscular function was 
394 assessed, and the task completed to exhaustion (occurring on average after 3 bouts of cycling). 
395 Their study demonstrated a curvilinear relationship between exercise duration and the decline 
396 in Ptw, such that most of the decline occurred in the first half of exercise. Concurrently, 
397 EMGRMS increased considerably during the first half of exercise, indicative of a higher 
398 descending drive required to sustain force due to impairments within the muscle, an 
399 interpretation further supported by the positive association between the change in rectus 
400 femoris EMGRMS and reduction in Qtw. This progressive impairment in contractile function and 
401 requirement to activate a greater volume of muscle to maintain a given power output is also 
402 thought to be the primary contributor to the VO2 slow component during severe intensity 
403 exercise 80. Towards the latter stages of exercise (80% and 100% of total cycling duration), 
404 there was a plateau in EMGRMS, concurrent with a significant decrease in voluntary activation. 
405 These results suggest that once either a certain level of impairment in contractile function or a 
406 level of increase in motor drive are reached, no additional increase in motor drive occurs. 
407 Whether this plateau in motor drive serves as a protective mechanism to prevent further, 
408 potentially harmful, alterations within the muscle, or if further increases in motor drive are 































































409 prevented by intrinsic changes along the motor pathway, is unclear 79. Nevertheless, the results 
410 indicate that, during constant-load severe intensity exercise, the impairment in VA widely 
411 observed throughout the literature (Table 2) occur primarily during the latter stages of severe 
412 intensity exercise, and could thus be implicated in task failure during constant load tasks 79.
413 It should be noted that the kinetics of altered neuromuscular function likely differ between self-
414 paced versus constant load exercise. For example, Azevedo et al. 81 recently characterised 
415 neuromuscular responses to a 4 km cycling time-trial, in which the pacing strategy was 
416 characterised by a fast-start, even paced, and end-spurt phase. Across three separate visits, 
417 neuromuscular function (MVC, VA and Ptw) was measured following these three phases. The 
418 results demonstrated that all three variables were reduced by 12%, 8% and 23%, respectively, 
419 following the fast-start phase, with no further reduction thereafter. The lack of further reduction 
420 in MVC, VA or Ptw could have been the result of the lower selected intensity during the middle 
421 phase, which likely fell below the critical intensity and thereby permitted repletion of work 
422 capacity and recovery of neuromuscular function 82,83. It should be noted, however, that the 
423 delay between exercise cessation and neuromuscular testing might have limited the ability to 
424 capture further decrements in neuromuscular function following the end-spurt 81.  
425
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432 Central nervous system alterations during severe intensity exercise
433 Central nervous system alterations during severe intensity exercise have been studied 
434 extensively. Figure 3 depicts alterations which occur throughout the neuromuscular pathway 
435 in response to severe intensity exercise based on current evidence. To assess specific alterations 
436 within the CNS occurring with severe intensity exercise, studies have implemented VATMS 21,22 
437 and the MEP/CMEP ratio 16,60,86 to assess motor cortical output and excitability, respectively, 
438 CMEP to assess α-motoneuron excitability 16,60,86, and afferent blockade through intrathecal 
439 fentanyl to assess the effects of group III/IV afferent feedback on neuromuscular function 
440 16,60,69,71,91. Using VATMS, a number of studies have demonstrated reductions in the region of 5-
441 8% 21,22,87,93,97. This could indicate a modest impairment in motor cortical output in response to 
442 severe intensity exercise. An impairment in motor cortical output is plausible given the plateau 
443 in EMGRMS throughout exercise in this domain as previously discussed 79, i.e. the motor cortex 
444 could be unable to ‘drive’ the α-motoneurons to cause further increases in EMGRMS, although 
445 it should be noted that VATMS provides only surrogate measures of cortical output. Impaired 
446 cortical output could be due, at least in part, to inhibition of motor cortical cells due to feedback 
447 from group III/IV afferents 16,98. During exhaustive cycling exercise at 80% peak power output, 
448 Sidhu et al. 16 demonstrated that the MEP/CMEP amplitude ratio was increased by 25% when 
449 group III/IV afferent feedback was reduced with fentanyl-blockade, but was unchanged in the 
450 presence of continued afferent feedback in control conditions, thus indicating the inhibitory 
451 influence on the motor cortex during severe intensity exercise. Concurrently, the study showed 
452 no reduction in VA with reduced afferent feedback, with a 14% reduction in control conditions. 
453 To further explore the mechanisms by which group III/IV afferent feedback inhibits cortical 
454 excitability, Sidhu et al. 60 assessed the effect of afferent blockade on GABAB inhibitory 
455 intracortical interneurons. Both GABAA and GABAB inhibitory interneurons play an integral 
456 role in generating and shaping voluntary output from the motor cortex. These intracortical 































































457 neurons have indirect projections onto corticospinal neurons, and can influence the excitability 
458 of the motor cortex through hyperpolarisation of corticospinal neurons elicited by inhibitory 
459 post-synaptic potentials (IPSPs) 99. By applying a paired-pulse TMS stimulus paradigm known 
460 as long-interval inhibition (LII) coupled with conditioned CMEPs during severe intensity 
461 cycling, Sidhu et al. 60 showed an increase in GABAB mediated inhibition which was abolished 
462 when group III/IV afferents were blocked. Thus, a potential mechanism by which severe 
463 intensity exercise inhibits the excitability of the motor cortex is through an increase in GABAB 
464 mediated inhibition as a result of group III/IV afferent feedback. Other severe-intensity 
465 exercise induced changes in intracortical inhibition, such as increases in GABAA mediated 
466 short-interval intracortical inhibition (SICI), have been demonstrated 93, though conflicting 
467 evidence exists 94. However, the study of Sidhu et al. 60 improved on previous study designs 
468 by  measuring during post-exercise cycling at an EMG level matched to pre-exercise, as 
469 opposed to post-exercise measures taken during isometric contractions. To improve 
470 understanding of the effects of severe intensity exercise at the motor cortical level, more 
471 research is required assessing motor cortical output and excitability, intracortical inhibitory and 
472 facilitatory activity, with measures taken during or immediately following exercise given that 
473 these measures can recover rapidly after exercise cessation 100.  The assessment of other 
474 possible mechanisms which could contribute to altered cortical output in response to severe 
475 intensity exercise, such as alterations in brain neurotransmitters, is also warranted 101. 
476 Using spinal stimulation at the cervicomedullary level, a number of recent studies have 
477 assessed the effects of severe intensity exercise at the α-motoneuron excitability 16,86. In these 
478 studies, which utilised constant-load exercise at 80% peak power until task failure, no change 
479 in α-motoneuron excitability was demonstrated between the beginning and end of exercise. 
480 While this implies no effect of severe intensity exercise at the α-motoneuron level, in non-
481 fatiguing circumstances, the same increase in EMG activity which occurs throughout severe 































































482 intensity exercise would cause an increase in spinal excitability 86. This was aptly shown by 
483 Weavil et al. 86, who found no change in MEP or CMEP during fatiguing cycling, but a ~40% 
484 increase in MEP and CMEP during a subsequent non-fatiguing trial when the EMG was set to 
485 increase by the same magnitude. Thus, while the net corticospinal excitability remains 
486 unchanged, these results indicated a disfacilitation of the corticospinal tract mediated at the 
487 spinal level. 
488 If  α-motoneurons are disfacilitation during severe intensity exercise, this does not appear to 
489 be related to increased group III/IV afferent feedback. In fact, Sidhu et al. 60 found that CMEP 
490 amplitude was increased during post-exercise cycling at a matched level of EMG relative to 
491 pre-exercise which did not occur when afferent feedback was reduced, suggesting that group 
492 III/IV afferents facilitate, rather than inhibit spinal α-motoneurons projecting to the knee 
493 extensors. Indeed, previous work has suggested that group III/IV afferent feedback can inhibit 
494 or facilitate α-motoneuron depending on the muscle group studied 58. Furthermore, Sidhu et al. 
495 60 also measured CMEP during the silent period to mitigate the potential influence of changes 
496 in on-going descending drive on α-motoneuron excitability, but found no change in conditioned 
497 CMEPs during control conditions or when afferent feedback was reduced. The authors 
498 speculated that the facilitatory effects of group III/IV feedback on α-motoneuron excitability 
499 might only occur in the presence of descending drive. 
500 The findings of Sidhu et al. 60 appear contradictory to that of Weavil et al. 86. That is, if α-
501 motoneurons are disfacilitated during constant load severe intensity cycling exercise, but a 
502 reduction in CMEP is not apparent due to the increased neural drive and EMG 86, one might 
503 expect that CMEP would decrease when measured at the same EMG level. However, the 
504 opposite was found by Sidhu et al. 60, i.e. CMEPs increased. This result cannot be explained 
505 by an increased descending drive at the same EMG level, since conditioned CMEPs exhibited 
506 no change 60. One possible explanation is that Weavil et al. 86 measured responses during 































































507 constant load cycling, while Sidhu et al. 60 had participants reduce their power output at post-
508 exercise in order to achieve the same EMG level as pre-exercise. It is possible that processes 
509 which disfacilitate α-motoneuron excitability (such as changes in intrinsic properties, 
510 activation of serotonin 1A receptors, of neurotransmitter depletion16,86) exhibited some 
511 recovery due to the decrease in intensity. This, coupled with the elevated facilitatory afferent 
512 feedback in the control trial, might have resulted in the increase α-motoneuron excitability at 
513 the same EMG level. Further studies measuring α-motoneuron excitability during severe 
514 intensity exercise, with both on-going descending drive and during the TMS evoked silent 
515 period, are warranted to provide further insight into the effects of severe intensity exercise on 
516 α-motoneuron excitability.
517 Alterations in spinal-loop excitability could also contribute to impaired neuromuscular function 
518 during severe intensity exercise, with reductions in H-reflex found to occur in an intensity-
519 dependent manner 102,103. Bulbulian and Darabos 102 found a 22% reduction in H-reflex 
520 amplitude relative to Mmax measured in the gastrocnemius following 20 minutes of non-
521 exhaustive treadmill running at 75% VO2max, compared to a 13% reduction at 40% VO2max. 
522 Similar reductions in H-reflex have been demonstrated following non-exhaustive high-
523 intensity cycling exercise 103. While the H-reflex alone cannot decipher between altered 
524 excitatory input from Ia afferents and a decrease in α-motoneuron excitability, evidence from 
525 fatiguing isometric contractions using microneurography show that muscle spindle afferent 
526 discharge is progressively reduced during sustained contractions 104, and that the efficacy of Ia 
527 input to facilitate the α-motoneuron is impaired due to increased presynaptic inhibition 105. 
528 During severe intensity exercise, presynaptic mechanisms, such as group III and IV afferent 
529 induced increases in presynaptic inhibition of Ia terminals, are likely given the metabolic 
530 disturbances and the proposed inputs of group III/IV afferents onto Ia afferent terminals 106. 
531 However, challenges associated with measurement techniques preclude definitive conclusions 































































532 on the role of Ia feedback in disfacilitating α-motoneurons and thereby contributing to impaired 
533 neuromuscular function. 
534 In addition to measuring the specific effects on group III/IV afferent feedback on motor cortical 
535 and α-motoneuronal excitability discussed above, a plethora of studies have assessed the effects 
536 of group III/IV afferent feedback on neuromuscular function through more global responses 
537 such as EMG and Ptw 16,60,71,89,91. These studies have demonstrated that group III/IV afferents 
538 constrain motoneuronal output (estimated through EMG) to active skeletal muscle, thereby 
539 limiting exercise-induced intramuscular alterations. For example, Blain et al. 91 had 
540 participants perform a 5 km cycling time trial under control conditions and with fentanyl 
541 induced impairment in afferent feedback. With reduced afferent feedback, it was demonstrated 
542 that motoneuron output (estimated through vastus lateralis EMG) was 21% higher when 
543 afferent feedback was reduced compared to control conditions. Due to the greater activation 
544 levels throughout cycling, intramuscular alterations such as Pi, H+ and ADP,  concentrations, 
545 which are correlated reductions in Ptw 107, were all significantly higher compared with control 
546 conditions when measured through muscle biopsies following exercise. Consequently, the 
547 reduction in Ptw was substantially greater when feedback was reduced (52 vs 31% reduction 
548 compared with control condition). The increased motoneuron output and end-exercise level of 
549 reduced Ptw with afferent blockade are consistent findings throughout the literature 85,89,90,108. 
550 Thus, it is suggested that, through metabosensitive firing of group III/IV afferent feedback, the 
551 level of metabolic disturbance is sensed within the CNS, and the drive to the muscle is 
552 subsequently regulated to prevent abnormal or interoperable deviations in muscle homeostasis 
553 78. 
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555 What is not entirely clear is how group III/IV constrains motoneuron output. It is unlikely to 
556 be a result of altered α-motoneuron excitability, given that reduced afferent feedback facilitates 
557 61 or has no effect 17 on CMEP amplitude. However, given the inhibitory effects of group III/IV 
558 afferent feedback within 16,60 and potentially upstream of the motor cortex 98, as well as their 
559 proposed inputs to Ia terminals 106, motoneuron output could be constrained through the 
560 neurophysiological adjustments that group III/IV afferents elicit within the CNS. However, as 
561 well as having proposed non-nociceptive effects through alterations in CNS function and 
562 induction of the pressor reflex 85, group III/IV afferents also elicit nociceptive effects, which 
563 could also have implications for perception of effort during exercise. The increased level of 
564 effort associated with discomfort and increased cardiopulmonary response as a result of group 
565 III/IV feedback could impact how hard participants are willing to ‘push’ during exercise, and 
566 thereby influence motoneuron output. During exercise at a constant load of 80% peak power 
567 output, Amann et al. 90 demonstrated the rate of perceived exertion (RPE) was lower following 
568 the initial 3 minutes of the task when afferent feedback was reduced relative to control 
569 conditions. During self-paced exercise, the RPE remains similar between reduced afferent 
570 feedback and control conditions throughout exercise, but the power output is enhanced during 
571 the early stages of exercise with reduced afferent feedback 91. Thus, early during severe 
572 intensity exercise, nociceptive and cardiopulmonary feedback likely contributes to an increased 
573 sense of effort associated with the same power output 90, or causes participants to choose a 
574 lower power output during self-paced tasks 91. Towards the latter stages of exercise, however, 
575 RPE is similar with and without reduced afferent feedback 90. This is likely the result of the 
576 increased drive to the muscle occurring throughout exercise due to the lack of nociceptive 
577 feedback, thereby ‘allowing’ greater activation of muscle, and in turn causing greater 
578 disturbances within the muscle. As the muscle becomes less responsive, a greater level of drive 
579 is required to compensate for contractile impairment and sustain the same power output 90, with 































































580 this increase in efferent command emitting parallel messages (corollary discharge) to brain 
581 regions associated with perceptions of exertion, thereby increasing RPE 109. Accordingly, in 
582 addition to the alterations along the neuromuscular pathway induced by group III/IV feedback, 
583 the nociceptive and cardiopulmonary signals evoked by these afferents likely influences the 
























































































609 Neuromuscular responses to sustained exercise below critical power
610 Muscle force generating capacity, voluntary activation and contractile function
611 Exercise between lactate threshold and critical intensity is classified as heavy intensity 
612 exercise, while exercise below lactate threshold is termed moderate intensity 23,24. Heavy 
613 intensity exercise can be sustained for prolonged periods, with time to task failure ranging 
614 between ~40 min to 3 hours 23,110. Moderate intensity exercise can be performed for durations 
615 well above 3-5 hours, and constitute the intensity at which ultra-endurance events are 
616 performed 20,77. The neuromuscular responses measured in studies in which exercise lasted 
617 from > 30 min to 3 hours (likely falling predominantly within the heavy domain) and > 3 hours 
618 (predominantly within the moderate domain) are displayed in Tables 3 and 4, respectively. 
619 While variation exists in the literature, a comparison between the results from the studies in 
620 these tables suggests that the loss in muscle strength is greater with increasing exercise duration 
621 before reaching an eventual plateau above exercise lasting ~1000 min (Figure 4), a 
622 phenomenon previously highlighted by Millet when examining running-based exercise 77. 
623 Within the heavy and moderate domains, energy supply is achieved through oxidative 
624 metabolism, rather than anaerobic pathways 25,111. Consequently, alterations in muscle 
625 metabolism are much more limited than with exercise in the severe domain, with steady-state 
626 values of PCr, pH and Pi achieved within the first few minutes of exercise 23,25. Nevertheless, 
627 impairments in contractile function have been widely observed following both moderate and 
628 severe intensity exercise (Tables 3 and 4). Following self-paced tasks, some of the reductions 
629 in Ptw could be a result of a “sprint-finish”, in which intensity increases towards the latter stages 
630 of a race and thus fall within the severe domain, with associated metabolic changes which 
631 contribute to reduced Ptw 22. For example, following a self-paced 20 km time trial lasting on 
632 average 32 min, Thomas et al. 22 showed a 31% reduction in Ptw, while in a separate study by 
633 the same group, the reduction in Ptw following a constant load task in which task-failure 































































634 occurred at 42 min was just 11% 21. Thus, the self-paced versus constant pace exercise 
635 challenges used across studies is another potential source of heterogeneity in results regarding 
636 neuromuscular responses to moderate and heavy intensity exercise (Tables 3 and 4). However, 
637 the magnitude of reduced Ptw observed by Thomas et al. 21 following constant load exercise is 
638 consistent with other studies within the heavy domain, with Lepers et al. 112,113 and Racinais et 
639 al. 114 demonstrating reductions in Ptw of 9, 12 and 11%, respectively. Interestingly, this 
640 reduction in Ptw is lower than some studies assessing Ptw following more prolonged constant 
641 load moderate intensity exercise 115,116 (Figure 4C), suggesting a possible greater extent of 
642 impaired contractile function following more prolonged locomotor exercise, though 
643 heterogenous results exist throughout the literature (Table 4). 
644 It is thought that glycogen depletion is the primary contributor towards impaired contractile 
645 function following prolonged heavy and moderate intensity exercise 111,117. Glycogen depletion 
646 could interfere with the excitation-contraction coupling through localised depletion of muscle 
647 glycogen at the t-tubular-sarcoplasmic reticulum (SR) junction 118. Indeed, following 4 h of 
648 glycogen depleting exercise, Gejl et al. 119 showed a persistent reduction in SR Ca2+  release 
649 after 4 h of recovery when participants were given only water, while participants given 
650 carbohydrates concurrently demonstrated recovery of SR Ca2+  release. Inhibition of SR Ca2+  
651 release is thought to occur below critical levels of muscle glycogen (250-300 mmol·kg-1) 120, 
652 and values below these concentrations have been demonstrated following heavy and moderate 
653 intensity exercise 23,110, including ultramarathon running 121. Another mechanism likely 
654 contributing to impaired contractile function include increased production of reactive oxygen 
655 and nitrogen species 122, which increase following prolonged exercise 123 and interfere with 
656 Ca2+ release through redox modifications of ryanodine receptors 124. Furthermore, following 
657 running based exercise involving repeated stretch shortening cycles, muscle damage induced 
658 myofibrillar disintegrity and disorganisation of sarcomeres likely occurs, leading to a reduced 































































659 ability of the contractile machinery to produce force 125. Thus, while the magnitude of impaired 
660 contractile function is not as prominent following moderate and heavy intensity exercise 
661 compared to severe intensity, the consistently reduced Ptw across studies (Tables 3 and 4) 
662 suggests that alterations within the muscle contribute to reduced neuromuscular function within 
663 these domains. 
664 Reductions in VA are substantial following moderate and heavy intensity exercise, and these 
665 appear to be exacerbated as exercise duration increases (Figure 4). This likely explains, at least 
666 in part, the increased strength loss associated with longer duration exercise (Figure 4). Studies 
667 examining the kinetics of altered neuromuscular function during prolonged moderate duration 
668 exercise have shown that reduced VA occurs in the latter stages, with Place et al. 126 and Lepers 
669 et al. 116 demonstrating that VA was reduced only following 4 and 5 h of a 5 h running and 
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691 Central nervous system alterations during moderate and heavy intensity exercise
692 Overall, little research exists examining specific alterations within the CNS in response to 
693 moderate or heavy intensity exercise. Studies have demonstrated reductions in VATMS within 
694 both domains 17,21,115, possibly indicating impaired motor cortical output. The impact of 
695 prolonged exercise on the excitability of the motor pathway is unclear. When measured with 
696 the muscle at rest, studies have demonstrated reductions in MEP amplitude following 
697 prolonged exercise ranging from 20 km cycling 22, marathon running 132, and a simulated Tour 
698 de France 141. However, changes in MEP amplitude at rest might not reflect alterations in 
699 corticospinal excitability that occur during contractions. When corticospinal excitability has 
700 been assessed pre- and post-prolonged exercise during isometric contractions, conflicting 
701 findings exist, with studies reporting an increase 17, decrease 132,141, or no change in MEP 
702 amplitude 21,22,142. Similarly conflicting results have been shown for the silent period, with no 
703 change 115 or an increase 17 being reported. The conflicting findings could be the result of the 
704 substantial heterogeneity in the exercise challenges, such as the modalities and the duration of 
705 the task, as well as methodological differences such as stimulation intensities and the 
706 contraction intensities at which corticospinal excitability is measured, both of which can 
707 influence the change in MEP in response to exercise 17,143. No research to date has utilised 
708 spinal stimulation to assess the effect of prolonged exercise on α-motoneuron excitability, and 
709 this represents an area for future research. Racinais et al. 114 demonstrated a 61% reduction in 
710 H-reflex amplitude following 90 min of non-exhaustive running exercise. Avela et al. 62 
711 observed similar reductions in H-reflex amplitude following marathon running, whilst also 
712 displaying reductions in the EMG response and passive stretch-resisting force following a 
713 natural stretch reflex evoked through sudden changes in muscle length. However, whether this 
714 was due to altered Ia excitatory input or impaired α-motoneuron excitability is unclear. Further 































































715 work is required to elucidate the effects of prolonged exercise within the moderate and heavy 
716 exercise domains on the corticospinal pathway at both the supraspinal and spinal level. 
717
718 Neuromuscular responses to high-intensity intermittent exercise
719 While an increasing number of studies have assessed neuromuscular responses to continuous 
720 locomotor exercise during tasks such as cycling and running, many team sports, such as 
721 association football (soccer), rugby league, and hockey, are characterised by bouts of high-
722 intensity exercise interspersed with prolonged periods of low-to-moderate intensity activity. In 
723 addition, team sport players also complete numerous dynamic actions throughout competitive 
724 matches, such as jumping, changing direction, tackling and/or kicking, which are often 
725 performed with incomplete recovery 144. Consequently, high-intensity intermittent team sports 
726 are associated with a high physiological and neuromuscular demand, resulting in substantial 
727 fatigue and impairments in neuromuscular function 145. During team sports such as soccer and 
728 hockey, fatigue manifests through transient reductions in work-rate following the most 
729 demanding periods of a match, and cumulative reductions in work-rate towards the end of a 
730 match 144. In addition, fatigue is thought to increase the risk of sustaining an injury during 
731 match-play, as players are more susceptible to sustaining injuries towards the latter stages of a 
732 match 6. In order to better understand the physiology underpinning fatigue experienced during 
733 match-play, studies have examined the neuromuscular responses to simulated and competitive 
734 high-intensity intermittent team sport activity. 
735 Using a simulated soccer match protocol designed to replicate the physiological demands of 
736 soccer match-play, Goodall et al. 145 investigated neuromuscular function before, at half-time 
737 (i.e. 45 min), full-time (i.e. 90 min) and following a period of extra time (i.e. 120 min). An 
738 interesting finding from this study was that while the simulated soccer match induced 
739 reductions in MVC and impairments in both contractile function and VA, the reduction in 































































740 contractile function demonstrated a plateau after half-time (Figure 5). It was hypothesised that 
741 this plateau was due to the early fatigue of higher threshold motor units, which are more 
742 susceptible to fatigue, within the first half. In the second half, the lower reduction in contractile 
743 function was suggested to be a result of the recruitment of more fatigue-resistant motor units, 
744 which exert a smaller reduction in the size of evoked twitch responses. In contrast to the nadir 
745 in contractile function, impairments in VA increased progressively, with a VA lower at half-
746 time compared with pre-match, and lower at the end of extra-time compared with half-time. 
747 These impairments in neuromuscular function were concurrent with increases in perceptions 
748 of effort and impairments in voluntary physical performance (sprint speed and jump height) 
749 measured in a companion study 146. 
750 Numerous other studies have assessed neuromuscular function following a range of 
751 competitive and simulated high intensity intermittent team sport protocols (Table 5). Following 
752 simulated 147 and competitive soccer match-play 15,148, studies have demonstrated impairments 
753 in Ptw and VA of around 14% and 8%, respectively 15,148, resulting in a 11-14% reduction in 
754 knee extensor MVC. These impairments occurred concurrently with decreases in jump height, 
755 reactive strength and sprint speed 15,147. The mechanisms of impaired contractile function 
756 following match-play likely relate to the considerable muscle damage elicited by the numerous 
757 eccentric actions associated with match-play 149, glycogen depletion, with glycogen levels 
758 reported to fall below concentrations at which Ca2+ handling is impaired 119,150, and increases 
759 in reactive oxygen and nitrogen species, with measures of oxidative stress increased following 
760 a single match 149, possibly inhibiting Ca2+ handling 122. The mechanisms of impaired VA are 
761 less clear, with the limited number of studies examining corticospinal and intracortical 
762 responses following simulated 145,147 and competitive match-play 15 showing no changes post-
763 exercise, though further research is required to assess the effect of high-intensity intermittent 
764 exercise on spinal reflex pathways and α-motoneuronal excitability. Thus, during prolonged 































































765 high-intensity intermittent exercise such as soccer match-play, neuromuscular function is 
766 impaired both at the peripheral and central level, with peripheral disturbances more prevalent 
767 in the earlier stages of exercise, and impairments in VA more apparent as exercise progresses. 
768 These disruptions in neuromuscular function likely contribute to the decline in physical 
769 performance known to occur following the most demanding periods of match-play and towards 
770 the end of a match. 
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777 Conclusions on the role of exercise intensity on neuromuscular responses to locomotor 
778 exercise
779 The above synopsis of the current literature pertaining to neuromuscular responses to maximal, 
780 severe, heavy, moderate and high-intensity intermittent intensity locomotor exercise, provides 
781 insight into the challenge imposed on the neuromuscular system during fatiguing locomotor 
782 activity. Across the exercise domains, there are both commonalities and differences in 
783 neuromuscular responses which warrant discussion. 
784 Overall, the reduction in muscle force generating capacity is similarly reduced following 
785 exhaustive maximal, severe and heavy intensity exercise 21,31. Reductions in MVC are more 
786 pronounced following long-duration moderate intensity exercise, which appears to be related 
787 to exercise duration (Figure 3). However, different neuromuscular mechanisms are likely to 
788 contribute to declines in MVC between domains. While VA has been shown to be reduced 
789 following exercise across all domains, possibly due in part to impaired motor cortical output,  
790 these reductions are more substantial following prolonged moderate and heavy intensity 
791 exercise. For example, Thomas et al. 21 demonstrated a 9% reduction in VA following 42 min 
792 of cycling at the power output associated at the respiratory compensation point, compared to a 
793 3% reduction at the power output associated with VO2max, with a similarly greater magnitude 
794 of reduced VA following prolonged compared with short-duration self-paced cycling 22. As 
795 indicated in previous sections, reductions in VA appear to occur in a dose-response manner 
796 based on the duration of exercise. What is unclear at present is which mechanisms contribute 
797 to the exacerbated reduction in VA following prolonged exercise. While increases in group 
798 III/IV afferent feedback have been suggested to contribute to impaired VA in response to 
799 severe intensity exercise 16, the firing rate of these afferents are less likely to increase below 
800 critical intensities given that there is a lower build-up of metabolites or, in the case of cycling, 
801 markers of muscle damage to which these afferents are sensitive 158. The greater reduction in 































































802 VATMS following prolonged heavy intensity exercise compared with short-duration severe 
803 intensity exercise 21,22 would suggest that impaired cortical output could be an important 
804 contributor. However, the mechanisms contributing to impaired VATMS are not well 
805 understood. Exacerbated increases in core temperature 159 and alterations in neurotransmitter 
806 concentrations 101 have both been suggested, however comparisons between these potential 
807 contributors across domains has not been made. 
808 Similarly, no evidence exists comparing the effects of exercise within different domains on α-
809 motoneuron responses to exercise. Following maximal intensity arm cycling exercise, one 
810 study observed an increase in α-motoneuron excitability 45. During severe intensity exercise, it 
811 is suggested that α-motoneurons are disfacilitated 86, while another study suggests a fatigue-
812 induced facilitation of α-motoneurons 60. No evidence exists on the effect of prolonged 
813 moderate or heavy intensity exercise on α-motoneuron excitability. Thus, the precise effects of 
814 different intensities of locomotor exercise on α-motoneuron excitability is unclear, and more 
815 research is required to better understand these responses.   
816 Contractile function is also impaired following exercise within all domains. The magnitude and 
817 the mechanisms of this reduction, however, differ. Impairments in contractile function are 
818 greater following maximal and severe intensity exercise compared with moderate and heavy 
819 intensity exercise 21,22,31. For example, Kruger et al. 31 found a 50% reduction in Ptw following 
820 a 30 s of all-out cycling, a 44% reduction following 10 min of severe intensity exercise, and a 
821 14% reduction following 90 min of moderate intensity exercise. The mechanisms contributing 
822 to impairments in contractile function following maximal and severe intensity exercise are 
823 likely relate to a build-up of metabolites associated with high anaerobic energy turnover. In 
824 contrast, the reduction in Ptw following prolonged exercise is thought to be related to glycogen 
825 depletion 119, increased production of reactive oxygen and nitrogen species 122, and, following 
826 running-based exercise, muscle damage 125. Accordingly, the distinct metabolic responses 































































827 between exercise domains causes impaired contractile function through different mechanisms 
828 and to different degrees. 
829 Finally, there are similarities across all domains with respect to the kinetics of altered 
830 neuromuscular function. For example, during repeated sprint 43, constant load severe intensity 
831 79, high-intensity intermittent 145, and prolonged constant load moderate intensity exercise 116, 
832 impaired contractile function is demonstrated during the first half of exercise, before impaired 
833 VA becomes more evident during the latter half. During repeated sprint exercise, motoneuron 
834 output estimated through EMG is progressively reduced 39, while EMG is increased before 
835 plateauing during severe intensity exercise 79. Thus, the nadir in reduction Ptw commonly 
836 observed during exercise within these domains could be due to the reduced or plateaued 
837 recruitment of muscle during the later stages of exercise, causing no further decrements in 
838 contractile function.
839 To better understand the effects of different intensities of locomotor exercise on neuromuscular 
840 function, more research is required, similar to that of Thomas et al. 21,22, to compare 
841 neuromuscular responses at a segmented level between different exercise domains. 
842 Furthermore, although challenging, studies should attempt to deliver stimulations to probe the 
843 excitability of the corticospinal tract, both at the cortical and spinal level, during the task itself 
844 16,60,86. Finally, due to the rapid recovery of contractile and CNS following exercise 31,160, 
845 studies should attempt to rapidly deliver stimulations upon exercise cessation in situations 
846 where neuromuscular function is being assessed post-exercise. This can be achieved using 
847 custom-built exercise ergometers which permit immediate neuromuscular assessments without 
848 the requirement to manoeuvre between exercise and testing apparatus 31,66,161.  
849
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851 The effect of exercise modality on neuromuscular responses to locomotor exercise
852 One of the central themes surrounding research into the neuromuscular responses to fatiguing 
853 exercise is task-dependency. In addition to the influence of exercise intensity and duration 
854 discussed earlier, exercise modality, or the type of locomotor exercise being performed, can 
855 have a profound influence on the demands placed on the neuromuscular system 130. Exercise 
856 modality can influence the contraction type in the prime movers involved in locomotor 
857 exercise, as well as contraction duration or time under tension, the active skeletal muscle mass, 
858 mechanical efficiency and muscle recruitment strategy. All of these factors can in turn 
859 influence the metabolic and mechanical stress imposed on the muscle, and the mechanisms 
860 underpinning decrements in neuromuscular function during exercise. 
861 While several different modes of locomotor exercise exist (e.g. running, cycling, rowing, 
862 skiing), systematic comparisons delineating the neuromuscular responses to different exercise 
863 modes are scarce. However, studies by Lepers et al. 116 and Place et al. 126 assessed the 
864 neuromuscular responses to cycling and running exercise, respectively, at the same relative 
865 intensity (55% maximal aerobic power or velocity) and duration (5 h). Comparisons between 
866 the results of those studies show that, despite the similar exercise intensity and duration, the 
867 reduction in knee extensor strength was greater following running (28%) compared with 
868 cycling exercise (18%). The greater reduction in MVC was likely due to the greater reduction 
869 in VA following running (16%) compared with cycling (8%). In a study directly comparing 
870 cycling and running exercise, Tomazin et al. 47 had participants perform three sets of five × six 
871 second repeated sprints on both a treadmill and a cycle ergometer, on separate occasions. The 
872 study found that the reduction in MVC was greater during and following running sprints 
873 compared with cycling. In addition, the reduction in MVC was accompanied by a reduction in 
874 VA throughout the running protocol which was not seen during cycling. Following ~3 h of 
875 running 130 and skiing exercise 131, a significant reduction in VA (8%) was only observed 































































876 following running based exercise. Thus, it appears that alterations to CNS function and 
877 consequent impairments in muscle strength are greater following running-based exercise 
878 compared with other locomotor exercise modes. This is likely a result of the muscle damage 
879 associated with running based exercise, and the lower mechanical demands imposed during 
880 exercise such as cycling and skiing. Specifically, running involves multiple stretch shortening 
881 cycles and associated eccentric contractions, likely to elicit considerable muscle damage, 
882 whereas cycling and skiing impose a high metabolic stress but a substantially lower mechanical 
883 stress. In turn, muscle damage could elicit reductions in VA through reduced sensitivity of 
884 muscle spindles and disfacilitation of α-motoneurons from Ia afferents 62, and/or increased 
885 inhibitory feedback from group III/IV afferents which are sensitive to various markers of 
886 muscle damage 162. Furthermore, muscle damage elicited by eccentric exercise protocols have 
887 been shown to elicit substantial impairments in VA when measured immediately post-exercise 
888 158, further suggesting that muscle damage sustained during running contributes to the greater 
889 reduction in VA compared with cycling.
890 At the peripheral level, studies have reported a greater reduction in contractile function during 
891 and following cycling compared with running 116,126,163. For example, following 5 × 6 s cycling 
892 and running sprints, Rampinini et al. 163 demonstrated a significantly greater reduction in knee 
893 extensor peak twitch force following cycling (~55% reduction) compared with running 
894 (~35%). Similarly, Lepers et al. 116 found a significant reduction in knee extensor peak twitch 
895 during every hour throughout 5 h of cycling, whereas Place et al. 126 showed a potentiation of 
896 quadriceps contractile properties throughout 5 h of running exercise. The higher disturbances 
897 at the peripheral level in response to cycling could be a consequence of the differences in the 
898 involved muscle mass. For example, during weight supported sports such as cycling, the overall 
899 active muscle mass involved is lower than during running, with force primarily generated from 
900 the quadriceps. It has been demonstrated throughout the literature that during tasks involving 































































901 lower active muscle mass, the reduction in twitch force is higher 164,165. This is likely because 
902 during tasks involving a higher muscle mass, there is a greater sensory input (e.g. from group 
903 III/IV afferents) from the involved muscle mass, as well as a greater disruption to homeostasis 
904 in other physiological systems (e.g. cardiovascular, respiratory) 73. Consequently, there is a 
905 greater contribution to fatigue and the limit of tolerance from multiple physiological systems, 
906 whereas during cycling the more local, less diffuse signal from the lower muscle mass permits 
907 greater disturbances within the muscle to be tolerated 73. Moreover, running and cycling 
908 comprise different types of muscle contraction, with implications for the metabolic cost of 
909 exercise and thereby the neuromuscular responses. For example, during running, ~60% of the 
910 time taken to complete one stride is spent in the support phase (i.e. foot contact with the ground) 
911 for speeds between 12 and 23 km/h 166. In turn, around 34% of the support phase comprised 
912 eccentric muscle action, which has implications for the metabolic demand of running both due 
913 to the lower metabolic cost of eccentric contractions, and the higher efficiency of subsequent 
914 concentric contractions due to the “preloading” of muscle during the eccentric phase (i.e. 
915 through the stretch-shortening cycle) 167. Furthermore, the greater central deficit during running 
916 exercise possibly related to Ia disfacilitation (see above) could also limit alterations in 
917 contractile function. During cycling exercise, there is a high intramuscular tension throughout 
918 the majority of the pedal revolution, requiring high force generating of the quadriceps, and 
919 consequently greater recruitment of type II motor units. The high intramuscular pressure could 
920 also lead to partial occlusion of femoral artery blood flow, thereby reducing oxygen delivery 
921 and leading to greater metabolic disturbances 168. Thus, there are several potential explanations 
922 to the greater impairment in Ptw found after cycling versus running based exercise. Overall, 
923 there remains limited evidence comparing neuromuscular responses to different modes of 
924 locomotor exercise, and research in this area could provide useful information for athletes and 
925 practitioners when devising training programmes. 
































































927 Conclusions and future research
928 The present review provides a synopsis of literature, conducted primarily over the last two 
929 decades, pertaining to alterations in neuromuscular function in response to fatiguing locomotor 
930 exercise. The plethora of research which now exists in this area has clearly demonstrated the 
931 integral importance of task-dependency on alterations within the neuromuscular system. It is 
932 well established that neuromuscular function during exercise above critical intensity is 
933 primarily limited by disturbances in metabolic homeostasis and consequent impairments in 
934 contractile function. More prolonged exercise below critical intensity causes considerable 
935 reductions in the capacity of the nervous system to activate muscle, though the precise 
936 alterations within the central nervous system contributing to this reduction are still unclear. 
937 During repeated sprint, constant load severe intensity, high-intensity intermittent, and 
938 prolonged constant load moderate intensity exercise, impaired contractile function is 
939 demonstrated during the first half of exercise, before impaired voluntary activation becomes 
940 more evident during the latter half. Primarily, studies have utilised electrical nerve stimulation 
941 at rest and during maximal voluntary contractions to determine the effects of locomotor 
942 exercise at the peripheral and central level, respectively. To further investigate alterations 
943 within the nervous system, many studies have additionally utilised transcranial magnetic 
944 stimulation to assess the excitability of the corticospinal pathway, electrical stimulation of 
945 descending spinal tracts to assess α-motoneuron excitability, and nerve stimulation to assess 
946 spinal loop excitability at rest or during isometric contractions prior to and following locomotor 
947 exercise. While these studies have provided valuable insight into how various types of 
948 locomotor exercise impact the neuromuscular system, one limitation of this approach is that 
949 measuring responses during isometric contractions deviates from the locomotor exercise task 
950 itself, and thus hinders understanding of neuromuscular alterations that occur during the task. 































































951 For example, while prolonged exercise elicits substantial reductions in voluntary activation of 
952 muscle during a maximal voluntary contraction, the relevance of this reduction to exercise 
953 performance during submaximal intensity tasks is unclear, and has been questioned 74. 
954 Measuring the force generating capacity of muscle during isometric contractions also deviates 
955 from the types of contractions performed during dynamic locomotor exercise, and indeed 
956 measures of neuromuscular function during isometric contractions are not interchangeable with 
957 those measured during dynamic assessments 169. Moreover, the delay between exercise 
958 cessation and commencing neuromuscular assessments represents a significant general 
959 limitation when studying neuromuscular responses to locomotor exercise. To overcome these 
960 limitations, studies over the last decade have developed methodologies allowing them to 
961 deliver transcranial magnetic and electrical spinal stimulation during the locomotor exercise 
962 task itself 60,86. This represents an important advancement in the field, and future research 
963 should seek to employ similar techniques to better understand how various locomotor exercise 
964 challenges influence the nervous system during exercise. New and emerging methodologies, 
965 such as high-density surface EMG, have the potential to provide further insight into exercise-
966 induced alterations in nervous system function, though incorporating these techniques in 
967 response to locomotor exercise is a challenging prospect. Overall, while considerable 
968 advancements have been made in the last two decades, more work is required to provide further 
969 insight into locomotor exercise induced alterations in neuromuscular function, particularly 




































































975 Table and Figure Legends
976 Table 1. Literature quantifying neuromuscular alterations pre-to-post maximal intensity 
977 locomotor exercise.
978 Table 2. Literature quantifying neuromuscular alterations pre-to-post severe intensity 
979 locomotor exercise. Studies utilising protocols which resulted in task-failure in < 30 min were 
980 considered “severe intensity”.
981 Table 3. Literature assessing neuromuscular responses pre-to-post heavy intensity exercise. 
982 Studies in which exercise duration ranged from > 30 – 189 min were considered “heavy 
983 intensity”.  
984 Table 4. Studies assessing neuromuscular responses pre-to-post moderate intensity exercise. 
985 Studies in which exercise duration was > 240 min were considered “moderate intensity”.
986 Table 5. Studies assessing neuromuscular responses pre-to-post high-intensity intermittent 
987 team sport exercise.
988 Figure 1. Proposed alterations in neuromuscular function occurring during maximal intensity 
989 exercise. Adapted from Taylor et al. 61.
990 Figure 2. Relationship between time to post-exercise assessment and reduction in knee 
991 extensor maximum voluntary contraction (MVC; A), voluntary activation (VA; B) and peak 
992 twitch force (Ptw; C) as a percentage of pre-exercise 16,21,22,31,60,66,68,70,84,86,87,89,91,93,94,96. The R2 
993 is derived from the logarithmic slope presented on each graph.
994 Figure 3. Proposed alterations in neuromuscular function occurring during severe intensity 
995 exercise. Adapted from Taylor et al. 61.
996 Figure 4. Relationship between reduction in knee extensor maximal voluntary contraction 
997 (MVC; A), voluntary activation (VA; B) and peak twitch force (Ptw; C) as a percentage of pre-































































998 exercise relative to the duration of exercise. Note that the figure pertains only to longer duration 
999 with a minimum duration of 30 min 17,21,22,113-116,126-128,135-140. * outlier 127.
1000 Figure 5. Maximum voluntary contraction (A), potentiated knee-extensor twitch force (B) and 
1001 voluntary activation measured with motor nerve (VA), and motor cortical (VATMS) stimulation 
1002 (c) at pre-exercise, half time (HT), full time (FT), and following extra time (ET) of a simulated 
1003 soccer match. P = < 0.05 vs. the pre-exercise value, † = P < 0.05 vs. HT, ‡ = P < 0.05 vs. FT.   
1004 From Goodall et al. 145.
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educed spinal loop excitability 51
and increased presynaptic inhibition
(indirect evidence 51)





Figure 2. Relationship between time to post-exercise assessment and reduction in knee extensor maximum 
voluntary contraction (MVC; A), voluntary activation (VA; B) and peak twitch force (P¬tw; C) as a 
percentage of pre-exercise 16,21,22,31,60,66,68,70,84,86,87,89,91,93,94,96. The R2 is derived from the 
logarithmic slope presented on each graph. 
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educed spinal loop excitability 102,103
but no direct evidence on severe 
intensity exercise effects 
on Ia facilitation.





Figure 4. Relationship between reduction in knee extensor maximal voluntary contraction (MVC; A), 
voluntary activation (VA; B) and peak twitch force (Ptw; C) as a percentage of pre-exercise relative to the 
duration of exercise. Note that the figure pertains only to longer duration with a minimum duration of 30 
min 17,21,22,113-116,126-128,135-140. * outlier 127. 
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Figure 5. Maximum voluntary contraction (A), potentiated knee-extensor twitch force (B) and voluntary 
activation measured with motor nerve (VA), and motor cortical (VATMS) stimulation (c) at pre-exercise, half 
time (HT), full time (FT), and following extra time (ET) of a simulated soccer match. P = < 0.05 vs. the pre-
exercise value, † = P < 0.05 vs. HT, ‡ = P < 0.05 vs. FT.   From Goodall et al. 145. 
156x280mm (300 x 300 DPI) 
Page 125 of 125 Acta Physiologica
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
View publication stats
